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Abstract

The aim of this study was to identify and explore possible ways to improve the
critical current density of Bi-2212/Ag tapes. The work was divided into two parts:
growth and characterisation of Bi-2212 crystals; and improvement of Bi-2212/Ag
superconducting tapes.
In the first part, the focus was on growing high quality Bi-2212 single crystals in
order to gain knowledge in relation to the formation of Bi-2212 phase, the uptake and
release of structural oxygen from B-2212 crystal structure, the relation between critical
transition temperature and cation stoichiometry. Also, due to some uncertainty regarding
the fundamental parameters of the Bi-2212 phase such as the higher critical field (H^),
penetration depth (k) and coherence length © , good quality Bi-2212 single crystals
were used for measurements of these parameters.
The knowledge gained in the first part of this study was used in the second part as a
basis for the design of new procedures to increase the critical current density of Bi2212/Ag tapes.
The systematic study of Bi-2212 superconducting phase has shown that within the
large homogenous crystallisation volume of this phase, the maximum superconducting
transition temperature is a function not only of the oxygen content but also of
composition. A maximum Tc of 96.4K was obtained for a non-stoichiometric
composition, without Pb doping. A detailed mapping of the variation of critical
transition temperature as a function of cation composition was carried out around the
stoichiometric point of maximum Tc.

VHI

In order to measure or derive some of the physical properties of the Bi-2212 phase, a
number of experiments have been performed on Bi-2212 single crystals of
stoichiometric composition grown by Bridgman method, and having a Tc of 91.3K. A
large anisotropy in hardness has been measured on such a crystal by employing a
method capable to detect micro-cracks which easily form in this material during
conventional hardness measurements. With the probe force perpendicular to (a,b) plane
the hardness was 3.78GPa, and with the probe force parallel to (a,b) plane the hardness
was 0.78GPa.
Annealing experiments conducted in oxygen and nitrogen on Bi-2212 single crystals
confirmed that the mechanism of oxygen penetration into this phase takes place via the
interstitial oxygen atom (04), accommodated into the orthorombic unit cell on the 16n
crystallographic position. Also, for the crystals with Tc= 91.3K, the formal valence of
copper atoms was determined to be Cu+(2+0'33) and the number of holes per copper ion
was p=0.33.
The variation of oxygen content of Bi-2212 crystals by annealing in nitrogen leads to
the decrease of the superconducting transition temperature. However, the oxygen
vacancies created can increase the flux pinning. A shift in the position of irreversibility
line towards higher temperatures has been observed for such crystals.
Lower critical field, (Hci) has been determined to be low, approximately 350Oe.
Thermodynamic critical field, (Hc) at OK was between 0.22xl040e and 0.27xl040e,
and the upper critical field, (Hc2) at OK can be as high as 69xl04Oe.
Ginzburg-Landau parameter along the c crystallographic axes, (kc) has a value of 111
between 85K and 90K. The coherence length at OK along c axes, (£c) was approximately
21A and London penetration depth at OK in the (a,b) plane, (^ab) was approximately
3030A.
IX

Based on the information obtained during characterisation of Bi-2212 single
crystals, in particular the oxygen-nitrogen annealing experiments, a new heat treatment
to produce Bi-2212/Ag superconducting tapes has been proposed. This method
combines in a unified process for the first time the advantages of Bi-2212 phase
formation in oxygen atmosphere, with the advantages of annealing in nitrogen
atmosphere which provides pinning enhancement. It consists of a pre-melting stage, a
melting and grain-growth stage and an annealing stage, and was called “Dual
Atmosphere Heat Treatment” (DAHT).
The wide range of characterisation of Bi-2212/Ag tapes produced by DAHT showed
the superiority of this process. At 5K in self field, a critical current density (Jc magnetic)
of up to 2.5xl05 A/cm2 was obtained. From the pinning energy point of view the
behaviour of Bi-2212/Ag tapes in dc magnetic fields is similar to the behaviour of Bi2212 thin films.
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1. INTRODUCTION

The superconductivity was discovered by Kammerlingh-Onnes in 1911 on mercury
[*]• The new phenomena was manifested at a particular temperature by the expulsion of
the magnetic flux from the superconductor, which thus become a perfect diamagnet.
This state was called “diamagnetic state”, “Meissner state”, or “superconducting state”,
and is accompanied by a precipitous decrease of resistivity which begins at a particular,
finite temperature, called “the superconducting transition temperature” and denoted Tc.
In the superconducting state the resistivity of the conductor is exceedingly small by
comparison with the normal state, the latest data situating it at below 10'27 Qcm (for
comparison, the resistivity of copper - a non superconductor - at 4.2 K is 10'9 Qcm). As
a consequence, while in the superconducting state the conduction band electrons are
capable to flow unopposed through the respective material, and therefore no loss would
occur.
The diamagnetism, and the absence of resistance are fundamental characteristic of
superconductors, but not the only one. For example, whilst in the superconducting state,
this class of materials possess also anomalous thermal properties.
The discovery in 1986 of superconductivity in La-Ba-Cu-O, with Tc above 35 K, by
Bednorz and Muller [2], has sparked an avalanche of applied and fundamental research
in this field of activity, which have led to the discovery of this phenomena in a whole
range of complex oxide combinations, having the Tc above the boiling temperature of
liquid nitrogen, and therefore called high temperature superconductors (HTSC): Y-Ba-
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Cu-0 (YBCO), Tc = (40-93) K [3]; Bi-Sr-Ca-Cu-0 (BSCCO), Tc = (0-107) K[4]; Tl-BaCa-Cu-O (TBCCO);,Tc = (0-125) K [5] and Hg-Ba-Ca-Cu-O, Tc = (94-133) K [6,7].
These discoveries constitute a broad basis for technological applications, with
emphasis on superconducting wire and electronic devices.
However, regarding wire applications, due to the intrinsic properties of these ceramic
oxides, such as granular morphology with high anisotropy, low density of charge
carriers, short coherence lengths, and large penetration depths, two major problems
arise: weak links at the grain boundaries, and the creep of the magnetic flux lines.
A weak link is a small discontinuity, relative to the coherence length, within the
superconductor, such as a zone where a normal state layer separates two
superconducting layers. For example, a weak link could be a grain boundary, or a zone
where a small secondary phase is present, and represents a limitative element in the
path of the current flow. This lowers the overall current carrying capacity of the
superconductor, given by the critical current density Jc, which, for wire applications
should be higher than 104 A/cm2 [8]. There are a number of factors which reduce the
detrimental influence of the weak links. Among these factors, a major role is played by
the degree of connectivity between the grains, and the size and nature of the secondary
phases present in a superconducting material.
The flux creep inside a superconductor is the continuos movement of the magnetic
flux lines under the influence. The driving force behind the flux line movement could be
the directional movement of the charged carriers within the superconductor, the
temperature gradient, or thermal fluctuations. The flux creep is an energy dissipative
event which controls the magnetic behaviour of the superconducting material, and thus
the magnitude of its overall critical current density. The flux creep is controlled by two
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factors: the size of the potential wells created in the lattice by defects and impurities,
and the shear strength of the flux line in the magnetic flux lattice.
Much of the effort around the world regarding superconducting wire application is
focused on the bismuth-based system. The reason for this is that in the main two phases
of BSCCO superconductors, Bi2Sr2CaiCu208 (2212) and Bi2Sr2Ca2Qi30io (2223), the
“weak-links” limitative factor is not as stringent as in other

high temperature

superconductors known so far. In addition, the flux creep in high magnetic fields in
BSCCO, is lower than in conventional, “low temperature” superconductors such as
NbsSn and NbTi [9,10]. Consequently, at present, Bi-2212 and Bi-2223 wires could
achieve higher critical current densities in high magnetic fields, Figure 1.1, then Nb2Sn,
NbTi, and YBCO wires, opening the way for a wider range of applications.
The fabrication of HTSC wires, and tapes present a technological challenge due
mainly to the poor mechanical properties, and high chemical reactivity of the ceramic
superconductors. A way to reduce the influence of these factors is to clad the ceramic
superconductors in a metal, or alloy. The most stringent selection criteria for the
cladding metal is chemical tolerance towards the HTSC superconductos, and there is a
limited number of metals which fall into this category: Au, Pt, and Ag. To date, due to
the cost, silver is widely used.
In the case of superconducting wires, and tapes, the metallic sheath has to fulfil also
the role of heat sink, in order to prevent the nucleation, and propagation of a normal
volume within the superconductor during service.
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B CO

Figure 1.1: Critical current density Jc as a function of applied field B for Bi-2223
tapes, and Bi-2212, Nl^Sn, NbTi, and Y-123 wires, after [9,10]
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2. Review of Superconductivity

2.1.

Fundamentals of BSCCO

2.1.1. Crystallography

The BSCCO system comprises three superconducting phases, with nominal
compositions of Bi2Sr2Cu06 (Bi-2201), Tc = (7-22) K, Bi2Sr2CaiCu2Og (Bi-2212), Tc =
(75-95) K, and Bi2Sr2Ca2Cu30io (Bi-2223), Tc = (105-110) K, forming a homologous
series Bi2Sr2Ca(n-i)CunO(2n+4+8), with n = 1, 2, or 3. All these three phases have a
perovskite-like layered structure, with one, two or three Cu-0 planes respectively,
sandwich between two bismuth oxide layers, as shown in Figure 2.1 []].
In the crystallographic structure of Bi-2201 phase, the copper cations are in a square
co-ordination with the oxygen atoms (01). The (02) oxygen atoms lie above and below
each (01),

forming an elongated Cu06 octahedron. On each side of the Sr-Cu-Sr

module are the (Bi-O) bi-layers, with the bismuth cations adopting a distorted octahedral
co-ordination. The Bi-02 bond which links the Bi-0 layers to the Sr-O layers, is shorter
than the Bi-03 bond which links the Bi-0 layers to each other. This long Bi-03 bond is
parallel to the c axes, and being weaker, results in mica-like mechanical properties for
all phases in the bismuth family of superconductors. As a consequence, a plate-like
morphology is characteristic for these phases, with the (a,b) crystallographic plane being
the plane of the plate [2,3]. The unit cell has been reported to be both orthorhombic [4],
space group Cmmm, a ~ b ~ 5.4A, c ~ 24.4A and monoclinic [5], space group C2, a —
26.85A, b = 5.38A, c = 26.908A, (3 = 113.55°.
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Figure 2.1: Crystal structure of superconducting phases in BSCCO system, after [1]

The crystallographic structure of the 2212 phase is related to the structure of the 2201
phase. In this case, the Cu-O layers in 2201 are replaced by Cu-O/Ca/Cu-O layers, Ca
adopting an octahedral co-ordination, with no oxygen atoms at this level. Copper cations
are surrounded by five oxygen atoms, in a square pyramidal co-ordination, and the
structural module in this case is Sr0/Cu02/Ca/Cu02/Sr0. The crystallographic structure
of 2212 phase is based on a unit cell which has been reported to be also both tetragonal
[ , , ], space group I4/mmm with unit cell parameters a - b -

3.9A, c -

30.8A and

orthorhombic [9,10], space group Fmmm with a = 5.41 lA, b = 5.18A, and c = 30.89A.
However, the details of the 2212 structure are complicated by the presence of stacking
faults, oxygen and cation disorder and modulations. For this reason research groups
have attempted structure refinements in the space groups Amaa, I2cb and A2aa [ll,12],
but none of these models are satisfactory because of a strong incommensurate
modulation along the (010) crystallographic direction.
In the case of the 2223 phase, additional Cu-0 and Ca layers are inserted in the unit
cell, yielding a Cu02/Ca/Cu02/Ca/Cu02 structural module, with the Cul cations in a
square planar co-ordination and the Cu2 cations in a square pyramidal co-ordination,
like in the other two phases. The structure could be characterised based on a
pseudotetragonal system in space group I4/mmm with the unit cell parameters a ~ b ~
3.8A and c ~ 37.1 A [13]. Again, the structural details are complicated by modulations,
but the highest possible symmetry is believed to be orthorhombic [14].
The superstructure observed in electron microscopy investigations represents waves
of displacement in the basic lattice, along a o ib crystallographic directions. The period
of modulation along the a direction is b, (V2ap, ap dimension of perovskite), and not b/2
as in the undistorted perovskite unit cell. The modulation along the b direction is
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V2ap [15]. The superstructure is the same in 2212 and 2223 and can be describe on an
orthorhombic unit cell. In 2201 the superstructure is similar, but the distortion waves in
successive Bi-0 layers are 7t/p, pel, out of phase, and consequently the superstructure
must be describe on a monoclinic lattice [16]. This common feature of BSCCO
superconductors occur because the perovskite columns are slightly misoriented with
respect to the c axes, with angles which varies periodically and continually between plus
and minus few degrees [17]. The origin of this misorientation is unknown yet, but the
proposed models involve: a difference in the intrinsic lattice parameters between the Bi
O and perovskite layers [18]; an ordering of Sr2+ vacancies [19]; an ordering of additional
oxygen atoms in the Bi-0 layers [23] ; an ordering of bismuth lone pairs [23]; an ordering
of the substituted cations or vacancies on the Bi and/or Sr sites [26].
For all members of the BSCCO family twinning is common, where adjacent layers
have the a and b axes interchanged, the twist boundary plane being (001). Also,
dislocations and dislocation arrays in the basal plane due to the overlapping of the
misoriented crystals are very common.
It is also very common to form isolated non-stiochiometric stacking faults, with a
different number of perovskite blocks between the Bi-0 layers, as well as intergrowth of
different members of this family [20].
In a high Jc , tape-like, BSCCO conductor, the main structural units are highly
aligned crystallites, being much larger in the (a,b) plane than along the c axes, with
typical length to thickness ratios = 20 for 2223 phase, and = 40-60 for 2212 phase. Close
to the Ag sheath, the (a,b) plane grows predominantly parallel to surface of the Ag, and
the c axes of the crystallites are almost parallel, providing a highly textured
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microstructure. Deep inside the ceramic core, the crystallites are smaller, and their c
axes are tilted with a small angle relative to the tape normal.
In BSCCO tapes there appears to be essentially two types of grain boundaries:
- c axis grain boundaries, or twist boundaries, parallel to the (a,b) plane, formed
when two grains are stacked on top of each other, with their c axes parallel. The electron
transfer across these boundaries is weaker in comparison with the coupling of the layers
inside the grains due to the larger separation and the twist between the crystallites
adjacent to the boundary.
- a and b grain boundaries, perpendicular to the (a,b) plane, formed between two
adjacent grains with different orientation of their c axes, in which crystalline layers are
disrupted due to the tilting of their c axes. These boundaries are bigger and the electron
transfer across them is slower in comparison with the c axes grain boundaries. Also, due
to the better alignment of the crystallites near the Ag surface, the number of the a and b
grain boundaries is much smaller in that region of the tape.

2.1.2. Phase Equilibria

The phase relations in the Bi2C>3-SrO-CaO-CuO system are very complex. In a phase
study, in air, besides Bi, Sr, Ca, Cu and O elements, one has to consider another two,
silver and argon, which came into the system from the sheath and the process
atmosphere respectively. Consequently, the maximum number of condensed phases
which could coexist with the liquid in the silver sheath is three : F = (7-3+2)-3.
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The quaternary phase diagram of Bi203-SrO-CaO-CuO, in air, is presented in Figure
2.2 [21]. Part (a) of the figure represents the Bi20 3-(2Sr0+Ca0)/3-Cu0 section and part
(b) represents the Bi20 3-(SrO+CaO)/2-CuO section through the phase diagram, at
850°C. Part (c) represents a projection of single phase regions of 2201, 2212 and 2223
onto SrO-CaO-l/2Bi20 3 face, at 850°C, with the compositions expressed in terms of
l/2Bi20 3:Sr0:Ca0:Cu0 ratios.
In Figure 2.3 [22] are presented Sr2Bi2C>5-CaO-CuO sections through the quaternary
phase diagram at (a) 750°C, (b) 800°C, and (c) 850°C temperatures, in air.
The most stable superconducting phase is the 2201 type, with its domain of existence
originating in the ternary system l/2Bi20 3-Sr0-Cu0, and at 850°C covering a large
range of concentrations, with the melting reaction of this phase starting at ~ 830°C.
For the 2212 phase, the extent of the solid solution for Bi2Sr3.xCaxCu2C>8+ô was
reported to be x = 0.8-2.2 [23], or x = 0.7-2.0 [24]. Other authors proposed a possible BiSr-Ca solid solution. It is interesting to note that even with such a large stoichiometry
range, the 2212 composition lies outside the reported single phase region of 2212. As a
result, solid-state reaction of stoichiometric 2212 powder produces nonstoichiometric
2212, (Sr,Ca)i4Cu240y - the so called (14:24) phase and a copper-free phase
Bi(Sr,Ca)2Oy, or Bi(Sr,Ca)4Oy [25]. At ~865°C, a liquid forms which is in equilibrium
with Ag, the 2212 phase and the (14:24) phase. Above the incongruent melting reaction
of 2212, which starts between 865°C and 885°C, the phase assemblage consist of
(Sr,Ca)Cu02, or so called (1:1) phase, a copper-free phase Bi(Sr,Ca)2Oy and liquid [ ].
Above ~890°C, a bismuth-free phase is stabile, (Sr,Ca)2Cu03, or so called (2:1) phase.
Between 895°C and 900°C, the copper-free phase disappears and CaO appears, which is
stable up to the melting temperature of silver, 961°C.
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Figure 2.2: Sections (A) (2Sr0+Ca0)/3-Cu0-Bi20 3 and (B) (Sr0+Ca0)/2-Cu0-Bi20 3 through the Bi20 3-Sr0-C a0-C u0 tetrahedron at
T=850°C, in air. (C) Projection of the single-phase regions of Bi-2201, Bi-2212 and Bi-2223 compounds onto the Bi20 3-Sr0CaO face, after [21]
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Figure 2.3: Sections Sr2Bi20 5-C a0-C u0 through the Bi20 3-S r0 -C a0 -C u 0 tetrahedron at various temperatures: (A) 750°C; (B) 800°C;
and (C) 850°C, in air. The compositions are expressed in terms of S r0 :C a 0 :l/2 B i20 3:C u0 ratios, after [22]
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In air, the (1:1) phase does not coexist with the 2212 phase in solid state. It is
transforming into 2212 at a temperature and at a rate which depends on the oxygen
partial pressure.
The 2223 composition at 850°C, in air, lies also outside the reported single phase
region of 2223 and a small excess of Ca and Cu is necessary in order to form the pure
phase, but the domain of thermodynamic stability is smaller, and therefore it is the most
difficult phase to obtain. In air, the 2223 phase melting reaction starts at ~840-850°C.
In the Table 2.1 is a summary of the phases which are in equilibrium with the
superconducting phases of BSCCO system, at 850°C, in air.
The phases that are not in equilibrium with 2201, 2212 or 2223 are: (Bi-Ca)-y phase,
BiioCa7C>22, BiôCayOïô, Bi2Sr609 and Sr- rich (Sr,Ca)0 phase.

Table 2.1: The phases which
in air
2201
CuO
SrxCa2-xCu03, x = 0.2-0.3
Sr14_xCaxCu24041.x, x ^ 7
2212, if Sr:Ca=l:l-2.2:0.8
CaO, ifSr:Ca< 1:10
Bi2Sr3.xCax0 6, x < 1.5
Bi2Sr2-xCax0 5, x<0.1
Bi2Sri_xCax04, x < 0.3
(Bi-Sr)-y phase, if Sr:Ca>
1:1
(Bi-Sr)-p phase a liquid
with Sr:Ca ~1.5:0.5

are in equilibrium with 2201, 2212 and 2223 at 850°C
2212
CuO
SrxCa2-xCu03, x = 0.2-0.3
Sri4.xCaxCu2404i-x, x = 3-7
2201, if Sr:Ca=1.9:0.11.5:0.5
2223, if Sr:Ca=1.9:2.1-2:2
Bi2Sr3.xCax0 6, x = 1-1.5
(Bi-Sr)-y, if Sr:Ca =1:1
CaO, if Sr:Ca< 1:10
a liquid with Sr:Ca =
1.5:0.5-0.8:1.2
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2223
CuO
SrxCa2-xCu03, x = 0.2
Sr14.xCaxCu24O41.x5 x 7
2212, if Sr:Ca = 1.5:1.5
1.9:1.1
a liquid with Sr:Ca =
13:0.7-1:1

2.2. Type-I and Type-II Superconductors

The difference between the two types of superconductors consist in their different
behaviour in magnetic field. For the type-I, whilst in the superconducting state (S), as
the magnetic field is increased, it is screened from the interior of the sample up to a
critical value, Hc, Figure 2.4. Above this value of the magnetic field, the
superconducting state is destroyed and the material is driven into the normal state (N).
In 1936, London and Peierls realised that at the S/N interface, the transition from one
state to the other could not take place suddenly, but in a gradual way. Hence, while in
the superconducting state, the applied field is expelled from the bulk of the
superconductor, but in a thin layer at the surface of the superconductor it penetrates
inside. This layer was called penetration depth 5 and its thickness is of the order of 105
10‘6 cm. In the presence of an external field, a superconducting current flows in the
surface layer and it screens the bulk of the sample, but within 8, the sample has to be
superconductor as well. In this layer the superconductor is in intermediate state.

(a)

Figure 2.4: Magnetic phase diagram of: (a) Type I and (b) Type II
superconductors
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The condition for superconducting transition is the equality of the free energies of the
two states, FS(H, T) = Fn(H, T) and this condition occurs only when the applied field H =
HC(T). The presence of the superconducting current inside the 6 layer, contributes to the
free energy of the system with a value of the order of Hc2/8tt per unit volume of the
surface layer. Thus, at the S/N interface there is an excess free energy per unit area,
H c2/8tu~5/^, where \ is the coherence length of electrons in the superconducting state.
The value 6fi=k is an important parameter for the characterisation of the
superconducting state, and it was formally introduced by Ginzburg- Landau theory and
hence is called the Ginzburg-Landau parameter.
In the case 8»%, the excess free energy per unit surface of the S/N interface, is
positive and this is characteristic for the intermediate state of Type-I superconductors.
In the case ^ » 5 , the excess free energy per unit surface of the S/N interface is negative
and this is characteristic for the mixed state of Type-II superconductors.
Most superconducting elements belong to Type-I class, excepting niobium (Nb) and
by adding impurities they can be transformed into type-II superconductors. In Table 2.2
are listed some of them.

Table 2.2: The superconducting transition temperatures for some superconducting
elements
_______________________
To, (K)
Element
Te, (K)
Element
0.52
Cadmium (Cd)
1.75
Aluminium (Al)
0.11
Iridium (Ir)
3.41
Indium (In)
4.15
Mercury-a (Hg)
7.2
Lead (Pb)
9.25
Niobium (Nb)
0.92
Molybdenum (Mo)
1.4
Protactinium (Pa)
0.66
Osmium (Os)
0.49
Ruthenium (Ru)
1.70
Rhenium (Re)
7.8
Technetium (Tc)
4.47
Tantalum (Ta)
1.38
Thorium (Th)
2.38
Thallium (Tl)
0.4
Titanium (Ti)
3.72
Tin (Sn)
0.85
Zinc (Zn)
0.02
Tungsten (W)
0.61
Zirconium (Zr)
5.4
Vanadium (V)
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Some alloys and compounds exhibit type-I or type-II superconductivity, and the
transition temperature of 23.3K for the binary compound Nb3Ge was the record until
1986, when superconductivity was discovered in ceramic oxides. In Table 2.3 are given
the superconducting transition temperatures for some alloys and compounds.
Type-II superconductors have a different behaviour in an external magnetic field.
While in the superconducting state, as the field is increased, it is also expelled from the
interior of the sample, up to a critical value Hci. This is called Meissner state (M).

Table 2.3: The superconducting transition temperature for some alloys and compounds
Alloy
Ti-Mo
W-Re
Zr-V
Hf-Ta
Ti-V
Ti-Ta
Hf-Nb
Ti-Nb
Zr-Nb
Mo-Re

Compound
V2Zr
V2Hf
V2Zro.5Hfo.5
NbC
Gdo.2PbMo6Sg
PbMos.iSa
V3Ga
NbN
V3Si
Nb3Sn
Nb3Al
Nb3Alo.8Geo.2
Nb3Ge

Tc, (K)
4.3
5
5.9
6.5
7.5
9.1
9.6
9.8
10.8
11.1

Tc, (K)
8.8
9.6
10.1
10.5
14.3
14.4
14.5
16.8
17
18.1
18.8
20.5
23.2

Above this value, the external field begins to penetrate gradually inside the sample,
along preferential directions, which are selected in such a way as to minimise the total
free energy of the system. Up to a certain distance from the magnetic flux lines the
superconductivity is destroyed, but further away from it the material is still in the
superconducting state. Hence the state is called the mixed state, or the vortex state (V).
In the same time, the central regions of the superconductor are still in the Meissner state
up to a value of the applied field Hp>Hci called “full penetration field”. As the external
16

field is increased further, the normal regions around the flux lines grow at the expense
of the superconducting regions, and at a critical value Hc2 of the applied magnetic field
the bulk superconductivity is destroyed. However, it is possible to define another critical
value of the applied field, higher than Hc2, called Hc3. For values of the applied field
between Hc2, and Hc3, the superconductivity may persist in a thin surface layer. Beyond
Hc3 the entire volume of the superconductor turns normal.
The value of the thermodynamic critical field Hc determined from the condition of
the magnetic energy being equal to the difference between the free energies of normal
and superconducting states, is situated between the values of Hci and Hc2, Hci< Hc< Hc2.
The Hc2 value is an important technologic parameter and there is a strong effort in the
scientific community to maximise it.
The value of Hc2 can be determined, in principle, using two methods: the resistive
method, for conventional superconductors; and the magnetisation method for high
temperature superconductors. However, for HTSC materials, Hc2 is difficult to measure
due to its extremely high value. All

high temperature superconductors are type-H

superconductors and in Table 2.4 are listed some of them.
In the mixed state of Type-II superconductors, even if the material is no longer a
perfect diamagnet due to the field penetration, it retains the capacity to carry an electric
current with no loss. This capacity is lost when the mixed state is destroyed and this is
attained through one or several of the following mechanisms:
- continuous increase of the applied magnetic field above a particular value, as
mentioned above;
- irradiation of the superconductor, under specific conditions (type of particles,
dose, etc);
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- application of an electromagnetic field, under specific conditions (frequency,
wavelength, etc);
- increase of temperature above a particular value;
- increase of the current which is passed through the superconductor above a
specific value, called the critical current Ic.

Table 2.4: Some High Temperature superconductors
Formula
La2-xSrxCu04
La2-xSrxCaCu206
Tl2Ba2Cu06
Tl2Ba2CaCu208
Tl2Ba2Ca2Cu30io
TlBa2C u05
TlBa2CaCu207
TlBa2Ca2Cu309
TlBa2Ca3Cu40n

n,
1
2
1
2
3
1
2
3
4

Tc , (K)
38
60
0-80
108
125
0-50
80
110
122

BÌ2Sr2Ca2Cu30io

0-20
85
110

1
2
3

Nd2-xCexCu04
(Nd,Ce,Sr)Cu04
YBa2Cu307
YBa2Cu40s
YBa2Cu70 j4

30
30
92
80
40

1
1
2
2
2

BÌ2Sr2Cu06
BÌ2Sr2CaCu208

Notation
La (n=l)
La (n=2)
2-T1
T12201
2-T1
T12212
2-T1
T12223
1-T1
T11201
1-T1
T11212
1-T1
T il223
1-T1
T il234
BSCCOl
BÌ2201
BSCC02
BÌ2212
BSCC03
BÌ2223
Nd (n=l)
—

YBCO
Y123
YBCO
Y124
YBCO
Y247
BKBO
30
Bao6Ko4Bi03
(*}n represent the number of adjacent Cu-0 p lanes in the unit cell.
—
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214
—

(n=l)
(n=2)
(n=3)
(n=l)
(n=2)
(n=3)
(n=4)

T‘
T”

For the same Type-II superconducting phase, the value of Ic is determined by the
stability of the flux lines, and represent the maximum current which can pass through
the superconductor, which would generate a small, arbitrarily chosen amount of
dissipation, due to the movement of the flux lines called creep, and controlled by two
factors:
- the number and the characteristics of the pinning centres available, which are
influenced by the size and the shape of the potential wells created in the lattice by
defects and impurities
- the shear strength of the flux line within the magnetic flux lattice.
Lately, in order to define type-II superconductors which posses a high critical current
Ic (or critical current density Jc), the term “hard superconductors” is some time used.
This are type-II superconductors which have very strong pinning capabilities induced by
the presence of large structural and/or chemical inhomogeneities.

2.3.

Superconducting Materials and Applications

The applications using superconducting materials took, in the last few years two
general directions: small scale applications and large scale applications. For the first
type of applications, a small current is required to pass through the superconductor and
as examples, these include solid state devices, quantum interference devices,
microwave resonant cavity converters, wave guides, et. al.
Most of the devices, such as superconducting quantum interference device (SQUID),
Josephson junction voltage standard, superconducting memory cell, counters, etc, are
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based on the Josephson effect, which forms the basis of the superconducting electronics.
There are two types of Josephson effects: stationary or dc effect, and nonstationary, or
ac effect.
In the dc Josephson effect a direct superconducting current can tunnel through a
junction with no applied potential difference. The explanation is based on the fact that
the critical current in a conductor or a superconductor is proportional to the phase
difference A<J) of the wave function \j/, 7~A(|>. On the other hand, in real conductors in the
absence of an external field,

there is no macroscopic current flow because the

conduction electrons have random phases. Also, in a single superconductor, due to the
high degree of superconducting electron ordering, or phase coherence, the macroscopic
current is zero. However, for a superconductor-insulator-superconductor junction
(SNS), the phase difference between the two superconductors is different and a small
current (Josephson current), with a current density J=Jo sin cj), will flow through the
junction without any applied voltage. Depending on the characteristics of the SNS
junction, the Josephson current is of the order of 10' -10' A.
In the ac Josephson effect, when a dc current is applied to a superconductorinsulator-superconductor junction, the Josephson supercurrent will be an alternating
current.
For large scale applications a large current is required to pass through the
superconductor. Examples include superconducting magnets, power transmission,
energy storage devices, electric motors, particle accelerator cavities, et. al. All these
applications requires long lengths of conductor, capable of withstanding moderate (few
tesla) and high (above 15-20 T) magnetic fields. For each type of application, a
minimum critical current density was estimated, Table 2.5.
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One of the first superconductors used for practical large scale applications was Nb-Ti
alloy, in the form of wire and it is still widely used in applications up to -6-7T, at 4.2K.
For example, at 4.2K and 5T, the Nb-Ti alloy has a critical current density of the order
of 10 A/cm . This material has a cubic BC structure and is very ductile.

Table 2.5: Critical current density requirements for various large-scale applications
Applied field B, [T]
0.2
0.2
0.2
~4
>5
>5

Jc , [A/cm2]
~105
to
X
►
—
*
O

Application
ac power transmission
dc power transmission
transformers
motors, generators
fault current limiters
energy storage devices

~105
~104
>105
5x10s

Other alloys used for low temperature-moderate field applications are NbsSn and
V^Ga. At 4.2K and 10T, NbsSn can transport current densities in excess of 2xl05A/cm2.
The advantage of using high temperature superconductors for generating very high
magnetic fields over low temperature superconductors was exemplified in the
introduction. The critical surface of silver-clad superconducting wire produced with
bismuth-based ceramics is given in Figure 2.5 [ ].
From the applications point of view, bismuth based superconductors represent the
focus of an intense research effort, due to their high transition temperature, and
extremely high HC2 values (e.g. at OK, the Bi-2223 is estimated to have an HC2 field in
the {a,b) plane as high as 250T [28]). On the other hand, the brittleness and lower critical
current densities of the high temperature ceramic superconductors pose big challenges,
which have to be overcome in order to extend the range of large scale applications.

21

J c (A / c m 1)
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Figure 2.5: Critical surface of BSCCO/Ag superconducting wire, after [27]

2.4.

Relevant Theories

2.4.1. London

In 1934, London brothers, in an attempt to explain the magnetic flux expulsion from
superconductors (Meissner effect), had formulated a theoiy based on the two-fluid
model. In this model, the superconducting state is treated in terms of the interaction of
two fluids: one formed by the fraction of the “superconducting electrons” ns and a
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second fluid, formed by the fraction of the “normal electrons” nn. It is also assumed that
the response of the electronic gas to an electric field is local. Based on this model and
other electrodynamic considerations, they obtained equation (1), [29]:
d_
4-n-K-e2
V 2B -------'
, B
dt
m

=

0

(1 )

where B is the magnetic induction, e is the elementary charge and m* is the effective
mass of electrons.
The solution of equation (1) is typically of the form B oc exp[-r/XL], indicating that
the magnetic field inside a superconductor decays exponentially with the distance r from
its surface, and with a characteristic length scale given by the London penetration depth,
\ L=[m* c2/ (4k ns e2)]m .
For Type-I superconductors, Xl ~ 500 A and hence B = 0 inside bulk samples. As
T—»Tc , ns —>0, so Xl—>

and the field will penetrate uniformly. Thus, there is flux

expulsion only for T< Tc and the onset of diamagnetic susceptibility is gradual.
The magnetisation induced in the system is B = H + 4tcM = H + 47t% = 0, where %=
-1/471 is the susceptibility.
A description of the currents induced in a superconductor is given by equation:

y2 j~ j j=0

(2)

Here j is the current density of the induced supercurrents, which decreases
exponentially with distance into the sample.
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2.4.2. Ginzburg - Landau

In 1950, V. L. Ginzburg and L. D. Landau presented a phenomenological theory of
superconductivity, based on Landau’s work on second-order phase transitions and four
postulates [30]:
- (1) a superconductor is characterised by a complex order parameter, *F =
ri(r)exp[i<|)(r)], and a vector potential, A(r), with B = V x A2
- (2) the gauge invariance in quantum mechanic sense is postulated, and the
coupling charge is q = 2e
- (3) the free energy density f(r) is assumed to be a regular function of *F, the
gauge invariant gradient 'F(2Afl/hc + iV/q), and magnetic field B; all these variables are
assumed to be small; *F has an equilibrium value given by the minimum condition of
free energy F =

.

- (4) the classic theory of electrodynamics is assumed to hold.
Under these assumptions, the following four equations were obtained:
“12
* L r v _ i i A ( r ) 'F(r) + a'F(r) + 6|4,(r)|2'i/(r) = 0
2 ml
he
VxB(r) =

j(r) = - i

;(r ) = —

m

c

M

(4 )

j(r)

(5 )

* V 'F-'PV 'P*] - — M 2A
me

2m

2

(3 )

(6)

V < t > - 7 ~ A

where a = a(T-Tc), b°c(Tc, EF), EF is Fermi energy.
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Equation (3) is the Schrodinger equation for a particle with mass m and charge q in a
magnetic field and a non-linear potential b I \j/(r)| 2.
Ginzburg-Landau G-L theory has a major advantage in that it allows the study of
spatially inhomogenous systems and therefore it is most extensively used to describe
superconductors in an external magnetic field.
If the G-L equations are written in the dimentionless form, an important parameter is
derived:
k = 0.96XJ

(7)

This parameter is called G-L parameter and

the coherence length at T=0K.

The form of the solutions of G-L equations depends on the value of k. For k <V2, the
penetration depth Xl is less than the coherence length ^o, which results in a positive free
energy at the S/N interface and the

superconductor behaves like a Type-I

superconductor, see section 2.2. For k >^2, the penetration depth Xl is greater than the
coherence length £o>which results in a negative free energy at the S/N interface, and the
superconductor behaves like a Type-II superconductor.
In case of a homogenous superconductor, the G-L theory predicts the following
fundamental parameters of superconductors:
- thermodynamic critical field, Hc = (4 m 2/b)1/2(Tc-T)

(8)

- discontinuity of the lattice specific heat at Tc , AC = V(aVb)Tc

(9)

- temperature dépendance of ?Il(T) = [(mc2b)/(4jiq2a)]l/2(Tc-T) 1/2

(10)

- temperature dépendance of Ç(T) = [h/(167t2m a)1/2](Tc-T )1/2

(11)

- critical fields HC2 = V2 k Hc , and HC3 = 2.4 k Hc = 1.7HC2

(12)

The validity of G-L theory is limited to temperature domains sufficiently closed to
Tc, where X(T) and t,(T) are large in comparison with £o, condition necessary to fulfil the
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hypotheses number 3. On the other hand, as a mean field theory, G-L theory neglects
fluctuations, which become important close to Tc. As a consequence, (GinzburgLevanjuk criterion), the G-L theory is valid only for [31]:
T-Tc »

b2( kBT \
2a

(m / f i 2 \)3

(13)

2.4.3. BCS

In 1957 J. Bardeen, L. N. Cooper, and J. R. Schreiffer proposed a microscopic theory
of superconductivity that is referred as (BCS) theory [32].
The starting point was the assumption of a weak attractive interaction between the
conduction electrons, via a phononic mechanism:
—F IVn, E F < E < E F + hcoL
V tx

(14)

I0 ,£ > E Ff +fi(QD

Here, Vkx is the interaction potential between two electrons, having the wave vectors
k and k }, F is the effective matrix element of the interaction, Ef is the Fermi energy, Vn
is the normalised volume, and fi cod is the spectrum of the phonon energies.
As a result, a condensed state of coupled electrons is formed below Tc. The paired
electrons are called Cooper pairs and the size of a Cooper pair is ^o, the BCS coherence
length.
Based on the above assumptions, the BCS theory predicts the following parameters:
- the existence of an energy gap in the one-electron spectrum, (except for the
gapless superconductors), which depends monotonic on temperature:
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(

T \ 1'2

A(T) = 1.74A(0) 1 - 7
v Lc J

(15 )

Where A(0) is the energy gap at zero Kelvin.
- the temperature dependence of the critical magnetic field, which also depends
monotonic on temperature:
f TV
(16)

H ( T ) = H ( 0) l - a

Where a is a constant which is weakly dependent on temperature.
- the discontinuity in the electronic contribution to the specific heat of the lattice
in the normal state, just above Tc, cn, and in superconducting state, just below Tc, cs:
cs —cn

(17)

= 1.43

- the absolute value of the electronic specific heat of the lattice in the
superconducting state cs:
3/2

A(0)
c, = Ì3 4 T J
LT J

(18)

exp[-A(0) / T]

Where y is the Sommerfeld constant.
- the ordering temperature: k BTc = H3hcoDexp[-l /

(19)

Where Np represents the density of states at the Fermi level, FN f = A, is the coupling
constant.
- the relationship between zero temperature energy gap and the ordering
temperature:

A(0)

(20)

= 1.764

Wc
- the dependence of the transition temperature on the isotope mass (the isotope
(21)

effect): TC^ M '1/2
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Where M is the ionic mass.
- magnetic flux quantisation: Oo = h d le

(22)

The BCS theory has a universal character and its predictions are very good for
superconductors with coupling constant X «

1. For superconductors with X = 1 or

higher, such as Sn (X=0.7), Hg (^=1.6), or Pbo.7Bio.3 (X=2), there are experimentally
observed deviations from theory, due to the postulated

weak interactions between

superconducting electrons and the lattice (phonon-electron interactions). In 1960 G. M.
Eliashberg [33] and in 1968 W. L. McMillan [34], have extended the BCS theory to
include strong coupling superconductors, based also on the phonon-mediated coupling.
The theory was completed by proposals of non phononic coupling

mechanisms:

excitons (Ginzburg) [35], polarons (Little, Kuram, Aleks) [36], plasmons (Geilikman,
Frohlich, Garland) [37].

2.4.4. Anderson - Kim

The Anderson-Kim [38] theory of flux creep describes in a dynamic way the effects
arising from the thermally activated motion of the fluxoids in a field of potentials
generated by pinning barriers.
The driving force of the flux creep arises from a density gradient in the distribution
of fluxoids in a flux bundle, which is the moving entity. A flux bundle is formed by a
number of quantised flux lines, which mutually interacts due to their individual field
and wave function. When the flux bundles are thermally activated (T>0), they are aided
to pass over a barrier of potential via a Lorentz force type mechanism, even if this force
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is smaller than the pinning force FL<FP. In this way, the flux bundle is penetrating into
the superconductor, or is moving inside it. After hopping over the potential barrier, the
fluxoids relax into an arrangement such that Fl=F p everywhere, and only then the
material is said to be in the critical state. This extends the concept of Critical State
Model (see 2.5.1) and predicts the decreasing of the persistent supercurrents.
According to this theory, the rate at which the flux bundle jumps over the pinning
barriers is v = v0e~u/kT, where Vo is an attempt frequency and U is an effective
activation energy. Also, U is a decreasing function of I V B| due to the assisting force
F l and therefore U=Uo- IFjJ VX, with V being the activation volume (the flux bundle
volume) and X the pinning length.
Under these assumptions, the flux-creep equation is:
3B ^
a r v 'D

(23)

Here D = -(V#/ I VB I )Z?wv0e'U(Bl VB| )/kT is the flux-flow density, with w the average
distance by which a thermally activated flux bundle jumps. A solution to the Equation
(23) was given by Anderson and Kim for a thin hollow cylinder of radius r:
(dB/dt) = - r ld(rD)/dr.
This theory was completed by other contributors [39], which showed its general
applicability, with the following consequences:
- total flux in the specimen changes logarithmically in time, A<|) °c In t/t0, and this
type of dependency prevails in the critical state due to the exhaustion of the excess of
the driving forces as creep proceeds
- logarithmic flux creep rate, dtyd In t

(Jc, r3), is weakly temperature dependent

due to the fact that the T proportionality is nearly compensated by the Jc proportionality
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- the flux creep process is not surface limited and the moving entity could be a
flux quantum <\>oor a flux bundle, comprising of up to 103 flux quanta
- in a non critical state the flux creep remains logarithmically time dependent,
but the rate is decreasing exponentially by decreasing T
- at applied fields H<Hci no flux creep is observed on the initial magnetisation
curve, but, as H approaches HC2, the logarithmically dependent flux creep is broadening.

2.5.

Relevant Models

2.5.1. Critical State Model

The electromagnetic response of a type-II superconductor in the mixed state is
described by Bean’s critical state model [40]. This model assumes that for an external
field H, smaller than the lower critical field Hci, ignoring the demagnetisation effects,
the magnetisation of the sample will increase as -H due to the perfect diamagnetic state.
For a value of the applied field H=Hci, the flux lines of the external field just begin to
penetrate the superconductor, which is believed to be in a mixed state or in a critical
state. As the applied field is increased above Hci, more flux lines are penetrating the
superconductor and at H=HP, the flux lines of the applied field just reach the centre of
the superconductor. In this state the volume of the superconductor is formed by regions
where the material is in superconducting state and regions where the material is in
normal state, around the flux lines. While the superconductor is in the mixed state, a
shielding current of density equal to the critical current density of the sample, flows
uniformly through the superconductor.
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The field profile inside the sample is decreasing linearly as a function of distance from the
edge towards the interior, Figure 2.6 (the sample shape is assumed to be slab-like and
the applied field parallel to the slab surface). Thus, there is a gradient in the flux lines
distribution and the current inside the sample is given by a Maxwell equation , Jc = VxH
or rewritten for one dimension, Jc(x) = -dH/dx. As the applied field is increase further,
the normal regions containing the vortex core will grow larger at the expense of the
superconducting regions and magnetisation will decrease, until the upper critical field
is reached, when the bulk magnetisation will become zero. Within the framework of the
critical state model, the critical current density Jc can be estimated from both DC [41] and
AC [ ] magnetisation measurements. In the DC measurement, Jc is proportional to the
width AM of the hysteresis loop, measured for applied fields H > Hp, under

the

assumption that for a particular applied field H, Jc is constant and independent of the
field. However, Jc is dependent on H but this is not necessarily a serious error, provided
certain conditions are satisfied [43].

Slab TTackness (AU)

Figure 2.6: Schematic of the field distribution inside a superconductor having a
slab shape, with the external field applied parallel to the broad face of
the slab
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The value of Jc estimated from DC magnetisation measurement is given bellow for
different sample shapes:
for a slab of thickness D, Jc =

20AM

for a cylinder of radius R, Jc =
'

D

’

(H || slab surface)

15AM
(H axial)
R
’

(24)

(25)

- for a flat plate sample with a, b lateral dimensions,

Jc =

20AM
(H±(a,b))
a2 5
a3b

(26)

In estimating the critical current Jc from the AC measurement, is making use of the
fact that the penetration field Hp is equal to the amplitude of the measuring field Hm at
the %" peak. Thus, by measuring the dependence %"mSLX as a function of temperature T
and applied AC field Hm„ the dependence of Jc as a function of temperature can be
derived: Jc ~ Hm/a. For a slab sample (a) is the half of the thickness, and Hm= 4Hp/3. For
a cylindrical sample (a) is the radius, and Hm = Hp I44].

2.5.2. Brick-wall Model

This current flow model is used to describe in a quantitative way the behaviour of the
critical current, talking into account the microstructure of the tapes. In this model it is
assumed that the tape is made up of brick-like grains, having the c axes perpendicular to
the plane of the tape. It is also assumed that the grain boundaries perpendicular to the c
axes represent Josephson junctions and are the bottle-neck for the current transport,
Figure 2.7 [45,46]. Here Jp is the intra-grain critical current density, determined by

32

pinning, JW
jCis the critical current density across the Josephson junctions corresponding
to the c axis twist boundaries, which are parallel to the (a,b) plane and Jw?ab is the critical
current density across the Josephson junctions corresponding to the a and b axis tilt
boundaries, which are perpendicular to the (a,b) plane. In the figure, the current path is
based on the assumption Jw,c >Jw,ab which is reasonable due to the different behaviour of
the two types of grain boundaries regarding the electron transfer across them. Under
these conditions, the I-V transport dependence is given in the following cases:
• Jp< Ajw,c + Jw,ab5where A = L i?2/D, LJj2 is the effective length of the grains 1 and
2 adjacent to a c axes grain boundary, and D is the thickness of the grains:
E_
£0

(27)

Uo J

c

L
*--------------- -------------------- »

Figure 2.7: Schematic representation of “brick-wall” model microstructure and
the possible current path
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Here £, J are the average electric field and current density of the tape respectively and
E q, Jo are the electric field and current density at zero Kelvin, and zero external field
respectively. The exponent p is a fitting parameter. This is referred to as the “limitation
by pinning” case.
• J i<Jp, and J>Ji, where Ji is the critical current density of the grain 1:
E

l

r

ip

<28>
Here a is the fraction of the effective cross section of the infinite superconducting
current paths which exist in the conductor. This is referred to as the “limitation by weak
links”. This model is extensively used, but it has received limited experimental
verification so far, partly because it does not take into account the thermally induced
superconducting fluctuations, close to Tc, and it does not take into account the influence
of the compression moduli of the lattice in the presence of a magnetic field.

2.5.3. Vortex-Glass Transition Model

This model represents a different approach to the dissipation problem in
superconductors and in particular in high temperature superconductors, for which the
mean-field theory is not satisfactory [47].
When a superconductor is in the critical state, due to the mutual interaction between
the flux lines, the vortices created by them tend to arrange themselves into a vortex
lattice, of flux lines lattice (FLL). In the absence of pinning centres in the bulk of
superconductor, the FLL can exist as a lattice with long range order, within a specific
temperature range [ ].
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In the presence of a non-uniform distribution o f the pinning centres, the long range
order o f the FLL is destroyed, and the FLL is transformed into a vortex-glass [49,50]. At a
temperature TM, the vortex glass can melt into a vortex fluid, due to thermal fluctuations,
before Hc2 is reached, Figure 2.8 f44].
The vortex glass transition model proposes the following hypotheses:
- the vortex glass phase has zero linear resistivity, but the transition will
characterise the onset of strong nonlinearities in the E-J dependence:
E = E 0 exp[-(J/J0)M
']

(29)

Here the exponent \i< 1 (ji=1 in the Meissner state), and the I-V characteristics will
exhibit an exponential dependence down to low values of the currents. This leads to an
extremely slow relaxation of the remnant currents / ~ /o [ln (//* o )]’1/il, having a similar form
as the prediction o f Anderson-Kim flux creep theory. However, for a fixed range of In t,
d l / din t

is predicted to depend non-monotonic on temperature, in contrast to

Anderson-Kim theory.

REGIME

REGIME

REGIME

-lo<3 <7C - T )

Figure 2.8: Schematic phase diagram of superconducting systems with weak
pinning, after [44]
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- the vortex glass—»vortex fluid transition is expected to be continuous (a second
order phase transition), with a vortex glass critical regime close to the transition. If the
transition is a first order transition, which may be possible if the pinning is weak, the
critical regime is not present, and this situation would describe the type-I
superconducting systems.
- at the transition temperature, the I-V is expected to have a power law
behaviour. In addition, before and after the transition, in In I vs. InV representation,
the curvature is expected to change, and this can be used to identify it [5I,52].
At low temperatures, for the Bi-2212 phase which is more anisotropic than Bi-2223
or YBCO-123, the Josephson coupling between the layers is weak, and it will form a
stack of weakly coupled 2D vortex glasses. At higher temperatures and small fields, the
3D coupling between the layers comes into play, and the crossover between these two
regimes should be reflected in the slope of the I-V dependence for various B, besides the
pinning strength.

2.5.4. Hao-Clem Model

Hao-Clem (HC) model [53] was proposed for reversible magnetisation regime of
type-II superconductors and provides the possibility of gauging the upper critical field
HC2. The model is based on Abrikosov’s work, and London model.
In the high field regime, the Ginzburg-Landau equations can not be solved
analytically due to their non-linearity (see section 2.3.2). However, close to HC2, the
order parameter *¥ is small, and the G-L equations can be solved perturbatively. It is
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then possible to write the diamagnetism as [54]: -47tM=[Hc2(T)-H]/[(2fc2-l)P], with p a
constant. This result can not be applied to HTSC due to the fact that for these materials,
the magnetisation M is a linear function of the field and temperature, (H,T), and dMJdT
is a function of H. Also, in this case Hc2 is large, except in the vicinity of Tc, but there
the fluctuation effect is also significant.
In the intermediate field regime Hci« H « H c2, where the experimental data is
usually obtained, the diamagnetism in the London theory is:
-4rcM=<|>o/[8rcX2(T)]ln(r|HC2/H)
where r\ is a constant. This relation is applicable only when k is large and the vortex
spacing ao is large compared with £, which is not the case of HTSC in high applied
magnetic fields.
The Hao-Clem (H-C) model, by taking into account the fact that the order parameter
T* is zero in the core of the vortex and calculating the expression of total free energy per
unit volume of the superconductor in the mixed state F=XFi, derives the relation of the
internal field H as a function of the G-L parameter k, the coherence length in the vortex
core

and the average magnetic flux density B (see equation 20 in reference [53]).

This relation, together with

gives the magnetisation as an implicit function

of H. With the remark that the demagnetisation effects can be neglected due to the fact
that the magnitude of magnetisation is small compared with the applied field Ha, this
can be written in dimentionless form, in units of V2 HC(T): Ha =Ha/V2 HC(T).
In this way, for a set of data points {-47iMi,Hai}, situated in the reversible
magnetisation domain, it is possible to compute the thermodynamic critical field
V2HCi(T) by assuming a trial value for k. With these parameters known, the upper
critical field is derived from the G-L relation, HC2=^2 &HC(T).
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This analyses allows also the calculation of the coherence length ^=(J)o/27tHc2(0) and
London penetration depth X= k £, where Hc2(0)=0.5758[fci(0)/fc]Tc I dHJdTl Tc is the
BCS value of upper critical field for isotropic superconductors at T=0K, I dHc2/dT\ is the
absolute value of the slope of Hc2 temperature dépendance in the vicinity of Tc.
In conclusion, the H-C model allows the calculation of the upper critical field Hc2 via
the G-L parameter k which is derived by numerical analyses.

2.6.
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3. Review of Bi-2212/Ag Tape Processing

The fabrication of HTSC wires and tapes is the core activity of several research
groups around the world. This chapter reviews the procedures used by some of these
research groups, under the following general directions: fabrication techniques for Bi2212/Ag conductors, heat treatment procedures for Bi-2212/Ag conductors and phase
relations during the heat treatment of Bi-2212/Ag conductors.

3.1. Fabrication Techniques for B-2212/Ag Conductors

The main fabrication techniques commonly employed to produce long length Bi2212 superconducting wires and tapes are: Powder in Tube (PIT); Continuous Tube
Forming and Filling (CTFF); Doctor Blade (DB); and Dip Coating (DC).

3.1.1. Powder in Tube (PIT)

The powder-in-tube (PIT) method is widely used mostly because it is a simple
procedure. The PIT method was the first option for most of the research groups and it is
still used by many of them. The powder having the desired cation ratio is introduced
into a silver, or silver alloy tube and deformed by drawing, and rolling down to the final
dimension. This procedure has two options:
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- the powder is loaded in a loose form, and compacted inside the tube
- the powder is isostatically pressed and introduced into the tube in a pre
compacted form.
In the first method, the pre-reacted superconducting powder is loaded into the silver,
or silver alloy tube and compacted by hand or by vibrating the tube. The inside diameter
(ID) of the tube commonly used is in the range of 6- 10mm.
In the second PIT method, the pre-reacted powder is compressed isostatically in a
form of a rod and then introduced into the silver tube. This procedure was pioneered by
Vacuumschmelze (Germany) [l], and apparently it was developed following ideas from
the fabrication of thermocouples, where AI2O3 pre-compacted sticks were introduced
into stainless steel tubes and drawn down to a fine wire.
In all PIT fabrication procedures, the composite formed by the tube and the ceramic
powder inside, is mechanically deformed by cold drawing and rolling, using a reduction
area per pass no grater than about 15%.

3.1.2. Continuous Tube Forming and Filling (CTFF)

The CTFF method was applied by Battelle, (US) in collaboration with two industrial
partners and it was adapted to HTSC fabrication from pre-existing technologies used in
tobacco industry. This method consist in producing firstly a continuos silver ribbon of
the desired length, and secondly administering the powder steadily as the strip enters a
tube forming mill, Figure 3.1. The forming mill has a number of shaped rolls that
gradually form the strip into a U-shape and after the powder is administered the forming
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continues into a close tube. After being closed, the wire passes through a roller die
which reduces the diameter to approximately 2mm. By using this process numerous
long lengths of wire have been made.

3.1.3. Doctor Blade (DB)

The doctor blade method was pioneered by the National Research Institute for Metals
(NRIM) (Tsukuba, Japan) [2]. This method initially consisted of producing a certain
lengths of ceramic tape and laid it on top of a silver or silver alloy tape 20-5Opm thick.
The fabrication of the ceramic tape was done in a discontinuous process, by depositing a
properly formulated slurry on a carrier strip using a blade which is positioned
perpendicular to the broad face of the strip, at a fixed height, Figure 3.2. Finally, the
ceramic tape was transferred onto the silver substrate, and further heat treated.
Subsequently, a continuous variant of this process was devised. In order to make a
uniform ceramic layer, adherent to the surface of the tape, the slurry is a mixture of fine
particles (l-5jim) ceramic powder and other organic compounds, such as the ones
described in the Table 3.1, [3].

Table 3.1: Formulation forBi-2212 slurry
Mixture Component
Bi-2212 Oxide Powder
Solvent
Dispersant
Binder

Material
Bi-2212
Trichloroethylene
Sorbitane Trioleate
Polyvinyl Butyral
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Proportion (wt%)
22
68
5
6

Figure 3.1: The continuous tube forming and filling method for Bi-2212 wire,
and tape fabrication

Figure 3.2: The doctor blade method for Bi-2212/Ag tape fabrication
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3.1.4. Dip Coating (DC)

The dip coating method was first recommended by NRIM (Japan) [4], as a variation
of the doctor blade method. It consist of passing a continuous silver, or silver alloy
ribbon through a slurry, Figure 3.3, when a layer of ceramic oxide is deposited on both
sides of the ribbon.

O
Double side
coated tape

Ag ribbon

/

Slurry

Figure 3.3: The dip coating method for Bi-2212/Ag tape fabrication

The thickness of the ceramic layer is controlled in this case by adjusting the speed of
the ribbon, the number of passes through the slurry, or the viscosity of the slurry. Using
this method, tapes 20-30mm wide were fabricated, on which the double sided ceramic
layer was 15-25mm wide and approximately 70|im thick. This was done by passing the
tape twice through the slurry, at a speed of approximately 0.9m/s.
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3.2. Heat Treatment Procedures

There is little consensus in the scientific community regarding the best heat treatment
of Bi-2212 wires and tapes. However, most of the heat treatments used are characterised
by a short holding period of 5-30min at a maximum temperature, Tmax=870-920°C,
followed by a step cooling with 5-10°C/h, and then a slow cooling or a hold at about
810-860°C for l-100h. The exception is the so called “isothermal heat treatment”,
which is used for the fabrication of large wind-and-react coils, during which a rapid
change in melting temperature is achieved by changing the process atmosphere.
The following is a review of the fabrication and heat treatment procedures of Bi2212 wires and tapes, applied by the main research groups around the world.

3.2.1. The Kobe Steel Company (Kobe, Japan)

The Bi-2212 tapes produced by Kobe have a powder starting composition
Bi:Sr:Ca:Cu:Ag=2.1:2:1:1.9:0.1, which is Bi-rich, and Cu-poor [5]. The silver addition
into the powder has the role of sintering aid, (see Section 3.3.2).
The fabrication procedures follows a PIT method, starting with a silver tube 6mm
OD, and 4mm ID. This is flat rolled directly, with no drawing and the result is a tape
approximately 10mm wide. The heat treatment process takes place in air, and the
schedule is presented in Figure 3.4.
The blistering prevention applied by Kobe consist in cutting slits into the sides of the
tape and applying a slow heating (~6°C/h) through the melting reaction.
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3.2.2. Sumitomo Electric Industries (Osaka, Japan)

The PIT tapes produced by Sumitomo have a starting composition of the powder
Bi.Sr.Ca.Cu — 2.2.3.0.85:2, which is Sr-rich and Ca-poor [^]. This composition was
adjusted in order to minimise the volume of (1:1) alkaline earth cuprate (AEC) phase
which formed during the melting stage of the process. The heat treatment schedule,
Figure 3.5, takes place in a process atmosphere formed by 99% Ar and 1% O2, in order
to prevent the bubbling of the tape.

3.2.3. Mitsubishi Cable Co. (Tokyo, Japan)

The powder starting composition of Mitsubishi tapes is Bi:Sr:Ca:Cu = 2:2:0.64:1.64,
which is Ca, and Cu-poor. It is argued that this composition suppresses the formation of
(1:1) AEC phase, and assists in the alignment process. The heat treatment takes place in
air, and the schedule is presented in Figure 3.6.

3.2.4. National Research Institute for Metals (Tsukuba, Japan)

The doctor blade or dip coated tape produced by NRIM has a starting powder
composition Bi:Sr:Ca:Cu = 2:2:0.95:2 [7]. In order to prevent the strong evaporation of
Bi during the heat treatment of the coated tape, the partial pressure of Bi in the process
atmosphere is increased by placing the tape on a bed of Bi2AU09-Al203.
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The heat treatment takes place in air, and the schedule is presented in Figure 3.7.

3.2.5. Vacuumschmeltze Ltd. (Hanau, Germany)

The Vacuumschmeltze wires and tapes are heat treated as indicated in Figure 3.9 [8].
During this type of heat treatment, in particular for the round wires, the Bi-2212 phase
does not have enough time to grow and align, and its formation is realised during the
long annealing stage.

3.2.6. The University of Wisconsin-Madison (Madison, Wi, US)

The Wisconsin heat treatment is applied by IGC-ASI, Figure 3.8 [9]. The starting
powder composition is stoichiometric Bi:Sr:Ca:Cu=2:2:l:2, and the process takes place
in a high oxygen partial pressure. However, the (1:1) AEC phase can still be produced
and in order to avoid this undesirable process, a rapid cooling is recommended.
A variation of this heat treatment is the so called step solidification process. The
novelty brought by this heat treatment consist in the fact that the continuos cooling
process was replaced by a number of step coolings which assist in attaining a high
alignment of the 2212 phase and allows a full transformation of the (1:1) AEC phase.
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Figure 3.4: Kobe heat treatment schedule

Figure 3.5: Sumitomo heat treatment schedule
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Figure 3.6: Mitsubishi heat treatment schedule

Figure 3.7: NRIM heat treatment schedule
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Figure 3.8: Vacuumschmeltze heat treatment schedule

Figure 3.9: W isconsin heat treatm ent
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3.2.7. New York State Institute on Superconductivity (Buffalo, NY, USA)

A novel heat treatment was proposed by the New York State Institute on
Superconductivity (NYSIS), which is known as “isothermal melt processing” (IMP) [10].
It consist of maintaining the temperature constant at around 790-820°C and achieving
the melting and solidification by adjusting the process atmosphere. First, the process
atmosphere is high purity Ar, for which the melting of the ceramic core starts as low as
760°C. After sufficient time, the process atmosphere is gradually changed by increasing
the oxygen partial pressure, corresponding to an oxygen mixture into argon of 1%, 10%,
and 27%. In this way the solidification temperature of the ceramic is gradually
increased, and a directional solidification is achieved due to the oxygen gradient.
Finally, the process atmosphere is changed to 100% oxygen, and the oxidation continues
for approximately 25h, after which the temperature is decreased to the room temperature
level at a rate of 5°C/min.
The main differences between the IMP and melt processing in air or oxygen are a
lower process temperature, and a different phase assemblage in the melt, which in the
case of IMP is Bi2Sr3_xCax, CaO and a liquid phase.
This procedure was applied to the heat treatment of Bi-2212 wire and critical current
densities of 6xl04A/cm2 were achieved at 4K, in self field and 3xl04 at 4K in 9T.
This may be an attractive method for the fabrication of large machines using the
wind-and-react technique, when temperature control during heating, or cooling are
difficult to achieve.
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3.3. Phase Relations During the Heat Treatment
3.3.1. Phase Relations in Air

During the melt processing of Bi-2212 wires and tapes, a number of different phases
are present in the system, over the temperature range of the heat treatment. The
relationship between these phases is complex due to the incongruent type of melting,
when the Bi-2212 phase is decomposing into a liquid and other solid phases, whose
presence is also dependent on the process atmosphere. Further, if we take into account
the fact that silver has a certain degree of solubility into the melt, the phase relations
could be very complex indeed.
One way to study the phase relations is by quenching the samples at the various
stages of the process and identifying the phases present by microanalyses.
In Table 3.2 [n ], are presented the phases which are present in the Bi-2212 tapes
during heat treatment in air. In this table, (14:24) alkaline earth cuprates (AEC) is
(Sr,Ca)i4Cu24Ox, (1:1) AEC is (Sr,Ca)Cu02, Cu-free is Bi(Sr,Ca)2Ox and (2:1) AEC is
(Sr,Ca)2Cu03. The authors have pointed out the fact that (1:1) AEC phase is very stable
and once formed it is difficult to convert it back to 2212 upon cooling. Also, the
conversion rate of (1:1), and (2:1) phases into 2212 is enhanced when their size is small,
and are homogeneously distributed throughout the entire sample volume. This is
achieved by limiting the maximum temperature of the process in air to 895-900°C,
combined with a short time holding at that temperature.
In a different study of phase relations using the high temperature X-ray technique,
other authors [12] have confirmed these results, Table 3.3, pointing out the influence of
(Sr,Ca)/Cu ratio on the temperature stability of alkaline earth cuprates.
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3.3.2. The Influence o f A g on P hase Relations in Air

The solubility of silver in Bi-2212 means that the phase equilibrium will be affected.
By using the high temperature X-rays technique, researchers [13] studied the influence
of Ag additions on the phase relations during melting of Bi-2212 in air.
Two conclusions emerged from this study: Firstly, the melting temperature is
depressed by the fine (~lpm) silver powder addition, starting at 840-850°C;

and

secondly, the formation of the (1:1) AEC phase was suppressed, Table 3.4. The second
observation is very important, but is yet to be confirmed. The influence of (Sr,Ca)/Cu
ratio is manifested in the fact that the temperature stability of the AEC is increasing
with the increase of this ratio.

Table 3.2: The phases present in Bi-2212/Ag tapes at various temperatures during heat
treatment in air
Quench
Temp.
[°C]
<856
864
869
875
878
880
885
890
895
900
905
910
915
920

Bi-2212

14:24
AEC

X

X

X

X

Liquid

1:1

Cu-free

2:1

CaO

AEC

AEC

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
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Table 3.3: The phases present in Bi-2212 bulk at various temperatures during heating,
and cooling in air, determined by high temperature X-ray diffraction
2212
Temp.
2201
Liquid
[°C]
X
X
<850
X
860
X
870
X
880
X
890
X
900
X
880
X
875
X
865
850
835
X
830
X
In the above table (1:0) is (Sri_x Cax)0.

(1:1)
AEC

(3:5)
AEC

(2:1)
AEC

(1:0)
AEC

X
X

X

X

X

X

X

X

X
X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Table 3.4: The influence of Ag additions on melting and on the phase relations of Bi2212 bulk in air, by high temperature X-ray diffraction
Temp.
[°C]
25
600
820
830
840
850
860
870

Liquid

(2:1)
AEC

2212

Ag

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

(1:0)
AEC

X

The remarkable absence of the (1:1) phase could be also the result of a relatively
slow quenching rates used in this experiment.
An attempt by the same authors to study the phase relations in nitrogen, yielded the
conclusion that it is a much more complex process.
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The influence of Ag on the microstructure was studied on thick films deposited on
Ag, and MgO [ ] by high temperature X-ray diffraction, in air. The result shows that Ag
decreases the formation temperature of the Bi-2212 phase with as much as 30°C, and
Ag substrate is essential in the grain alignment process, but a small amount of silver
(~5at%) is dissolved from the substrate. Also, the 2212 grains appears to have a
smoother surface when Ag was mixed inside the Bi-2212 powder, but most of the silver
was found at the grain boundaries. However, for a ratio Bi/Ag=2/0.1, some silver was
found also inside the Bi-2212 grains.
From the phase relations point of view, these studies largely agree with the
information described above. A notable difference is that (2:1) AEC phase appears at a
lower temperature than in the case of Ag-free samples, straight after the partial melting,
together with the (1:0) phase.
Another observation reported in this study is that the nucleation of the Bi-2212 grains
in the films takes place at the oxide/atmosphere interface, suggesting that the oxygen
plays an important role in this process as well.

3.3.3. Phase Relations in Reduced Oxygen Atmosphere

When heat treating Bi-2212/Ag tapes in a reduced oxygen atmosphere of 1%02
(O.Olatm), the phase relations is different from that in air [15]. In this case, a different
Cu-free phase Bi2Sr2Ca06 is present. Its grain size becomes smaller as the amount of Sr
increases, and the amount of Ca decreases, but the volume fraction of the Cu-free phase
remains the same.
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Although the (1:1) AEC phase is still present, and coexist with the Cu-free phase,
their size, and volume fraction is smaller for an optimised composition, which was
given as Bi2Sr2.3Cao.85Cu2Ox.

3.3.4. Phase Relations in Oxygen Atmosphere

The modification of Bi-2212 phase relations when melted in pure oxygen atmosphere
[16], reported the absence of the (1:1) AEC phase, which in this conditions is replaced by
(14:24) AEC=Sr8Ca6Cu24Ox phase. The advantage of having this phase in the tape
instead of (1:1) phase is that the (14:24) AEC phase does not grow large, as the (1:1)
AEC does in air at elevated temperatures, and it reacts faster than (1:1) AEC at lower
temperatures, accelerating in this way the conversion process back to the 2212 phase.
In the case of Bi-2212/Ag thick films melt-processed in an oxygen partial pressure
of latm [17], the phase relation is presented in Table 3.5.

Table 3.5: The phases present in Bi-2212/Ag thick film during heating and cooling in
oxygen
Cu-free*
(14:24)
Liquid
2212
Temp.
AEC
[°]
<890
890
900
911
893
883
875
865
(*) Bi9SrnCa5Ox.

X
X

X

X

X
X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X
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The authors have pointed out that a long annealing time is required in order to fully
convert the (14:24) AEC, and Cu-free phases back into 2212 if their size is not small,
and the distribution is not homogenous throughout the sample volume.
Another interesting observation is the absence of the Bi-2201 phase, in contrast with
the case of Bi-2212 bulk. The Bi-2201 phase was thought to nucleate first at the
interface between (14:24) AEC and liquid. This difference was attributed to the easily
available oxygen in the case of the films.
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4. Experimental Procedures

4.1.

Fabrication of Bi-2212 Superconducting Powder

One of the conditions to obtain a high performance electric conductor using a
bismuth based superconductor (Bi-2212 or Bi-2223) is that the ceramic

powder

precursor has to have the following general characteristics:
- high, preferably 100% superconducting phase purity;
- optimum particle size, between ljam and 5jim;
- low carbon content, equal or less than (0.01-0.02) wt%.
Although there are a number of techniques available for preparation of Bi-2212
superconducting powder, two procedures have been adopted: solid-state reaction of a
mixture of oxides and carbonates; and evaporative drying of a solution obtained by
dissolving the cation nitrates in nitric acid.

4.1.1.

Solid-state Reaction

In principle, the powder precursors for bismuth-based superconductors can be
produced simply by mixing the required amount of oxides and/or carbonates, and
sintering the mixture at a temperature just below the melting reaction.
However, the speed of solid state reaction is typically small, and therefore several
steps of grinding and pelletising are necessary in order to increase reactivity, which
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tends to increase the chemical contamination as well. In addition, the relatively high
sintering temperature required by this method can lead to local melting, and a strict
temperature control is required. Also, the decomposition temperature of the carbonates,
increases in the presence of C 0 2, which is a by-product of their decomposition. In
particular, the SrCC>3 decomposition temperature could go as high as 1200°C in the
presence of C 0 2.
In order to prepare Bi-2212 superconducting powder by solid state reaction, high
purity (>99%) powders of Bi2C>3, SrCCb, CaC03 and CuO, (Ajax Chemicals), were used
in a stoichiometric ratio of the cations, Bi:Sr:Ca:Cu = 2:2:1:2. Other cation ratios were
also used, see Section 4.2.1.
The appropriate amount of carbonates were hand mixed in a shallow alumina mortar,
followed by decomposition in flowing air at 1250°C for lOh in the same vessel. After
decomposition, the appropriate amount of oxides was added and hand mixed again. The
mixtures were calcinated in the alumina mortar in flowing air at 750°C for 6h.
Further, to ensure a complete reaction, the product was ball milled in a zirconia
container, with zirconia balls for half hour and uniaxially pressed into pellets under
250MPa. The pellets were calcinated in three steps, following a heat treatment pattern
which consist of heating up to a target temperature at approximately 350°C/h, holding at
the target temperature a number of hours, and cooling down with the same cooling
speed. For the first calcination step the target temperature was 750 C, the holding time
lOh and the atmosphere air. For the second calcination step, the target temperature was
790°C, the holding time 6h and the atmosphere oxygen. For the last calcination step the
target temperature was 830°C, the holding time 20h and the atmosphere oxygen. The
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pellets were crushed, belli nulled for half hour 2nd pressed into pellets before the first
End the second C3.lcinE.tion steps to ensure

e

high degree of homogeneity End thus to

prevent IoceI melting due to possible eutectic resetions between intermediEte phEses,
such as Bi2Cu04-Bi203, which has a reported melting point of 770°C [*]. For the last
calcination step, the powder was heat treated in a loose form and finally ball milled for
half hour. The reacted powder was stored in vacuum to prevent moisture and C02
adsorption from the ambient atmosphere.
The best results in terms of phase purity using this powder preparation procedure,
were obtained for the composition with stoichiometric ratio of the cations:
Bi:Sr:Ca:Cu=2:2:l:2.

4.1.2. Evaporative Drying

The Bi-2212 powder in this case, was prepared by a co-decomposition route, which
ensures an atomic-scale mixing of the components in a solution and converting the
liquid into solid via drying, decomposition and calcination. Nitrates were used as raw
materials, which limit the carbon intake: Bi(NC>3)2 5H20 , purity 98%, (BDH Labs),
Sr(NC>3)2, purity 99%, (Ajax Chemicals), Ca(N03)2 4H20 , purity 99%, (Ajax
Chemicals) and Cu(N03)2 2.5H20 , purity 99%, (Aldrich Chemicals).
The raw materials were mixed in stoichiometric proportion of the cations,
Bi:Sr:Ca:Cu = 2:2:1:2, dissolved in a solution of 80 vol% HN03 70% in demineralised
water, and the solution was stir for half hour. The solution was then heated up to 9095°C on a hot plate, and continuously stirred until the moisture was completely
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evaporated. The residuum was hand grinned in an alumina mortar, and decomposed in a
shallow alumina boat, by heating in flowing air up to 650°C in 4h, held for 2h and
cooled down in 3h. The purpose of this fabrication step was to eliminate all the nitrates,
and had to be carried out in such a way as to handle properly the noxious NOx vapours.
After this first step, the colour changed from blue to black, a typical colour for the
ceramic superconductors.
In the second part, the powder was heat treated in the form of pellets, in the same
way as described in Section of 4.1.1:

the product was ball milled in a zirconia

container, with zirconia balls for half hour, and uniaxially pressed into pellets under
250MPa. The pellets were calcinated in three steps, following a heat treatment pattern
which consist of heating up to a target temperature with approximately 350°C/h, holding
at the target temperature a number of hours, and cooling down with the same cooling
speed. For the first calcination step the target temperature was 750°C, the holding time
lOh and the atmosphere air. For the second calcination step, the target temperature was
790°C, the holding time 6h and the atmosphere oxygen. For the last calcination step the
target temperature was 830°C, the holding time 20h and the atmosphere oxygen. The
pellets were crushed, ball milled for half hour and pressed into pellets again before the
first and the second calcination steps. For the last calcination step, the powder was heat
treated in a loose form, and finally ball milled for half hour. The reacted powder was
stored in vacuum to prevent moisture and CO2 adsorption from the ambient atmosphere.
By comparing the two procedures of powder fabrication in terms of superconducting
phase purity, and reactivity, the evaporative drying method provided a higher quality
powder.
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4.2.

Fabrication of Bi-2212 Crystals

There are several methods of producing Bi-2212 crystals of acceptable quality: self
flux growth [2], alkali-halide flux growth [3], travelling solvent floating zone (TSFZ) [4]
and seeding [5].
All the crystal growth procedures follow, in general, the same strategy: first, the
investigation of the phase diagram is carried out in the relevant compositional region in
order to determine the liquidus surface and the nature of melting. Second, an appropriate
crystallisation path is established based on a detailed equilibrium phase diagram. It is
very important in particular to have information about the equilibrium of the system at
temperatures 20-50°C above the melting point. This information is difficult to obtain
unless the system can be contained in an unreactive crucible and the vapour-solid
equilibrium can be ignored or adjusted.

4.2.1. Self-Flux Growth

In order to investigate the homogenous composition regions in the Bi203-SrO-CaOCuO system, a number of crystals were grown by flux method. This type of crystal
growth is much easier in comparison with the Bridgman technique, but the size of the
crystals grown in this way is smaller.
Sixty batches of powder of approximately 5g each, having a different Bi, Sr, Ca and
Cu content, were prepared as described in Section 4.1.1.
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The cation ratios in the powder precursor were varied around the stoichiometric
values, based on the formula Bi2+xSr2+yCai+zCu2+w08+5. The values of the variants x, y,
z, w, are presented in Table 4.1.

Table 4.1: The adopted values of the x, y, z, and w variants
Variant
X

__________ i __________
z
w

Range
-0.05,+0.1
-0.05, +0.1
-0.2, +0.1
-0.05,+0.1

No. of Samples
11
10
12
7

The melting temperature of each powder batch was determined by DTA in air, by
heating up to 1100°C and cooling down to room temperature, at a rate of 10C°/min.
Each powder composition was loaded into a high purity alumina crucible, coated on
the inside with a Au layer of approximately 50pm thick.
The crucibles were loaded into a closed, vertical furnace, having an axial
temperature gradient of ~30-34°C/cm, (the top of the crucible being hotter than the
bottom) and a radial temperature gradient of ~6°C/cm, Figure 4.1. The temperature of
the furnace was increased to 25-35°C above the melting temperature of the respective
powder sample, and held for 4h to reach thermodynamic equilibrium. After this, the
temperature was decreased to approximate 10°C above the onset of the solidification
reaction in 5 minutes and then decreased slowly, with a cooling speed of ~0.8°C/h,
down through the melting reaction, to about 840°C. Finally, the temperature was
decreased to the level of room temperature in approximately 2h.
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Ceramic fiber insulator

Figure 4.1: Assembly for Bi-2212 crystal growth by self-flux method

The whole procedure was carried out in air, but the partial pressure of Bi was
increased inside the furnace by placing approximately 7.5g of Bi203 powder in an
adjacent crucible for each run. This measure was necessary in order to prevent the loss
of Bi during the melting step.
The crystals were extracted from the matrix by crushing the crucible and cleaving the
exposed crystals with adhesive tape. The adhesive tape was subsequently dissolved in
hexane. On some occasions, crystals were picked from the inside of holes, which have
been formed during the heat treatment.
The crystals grown by this method, were in the range of 0.1-4mm long, 0.1-2mm
wide and 0.05-0.3mm thick, depending on the amount of Cu in the starting composition.
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The homogenous crystallisation volume of the Bi-2212 phase (i.e. the volume inside
the 3D phase diagram where only the Bi-2212 is present) was determined by X-ray
diffraction and Electron Dispersive Spectroscopy (EDS) on the crystals grown from all
the powder samples. Also, for a number of Bi-2212 crystals, the Tc was determined by
AC susceptibility.
In the Bi203-Sr0 -Ca0 -Cu0 system, the crystallisation volume of Bi-2212 phase lay
between the following concentrations:
- Bi2C>3

51 - 60 mol %

- SrO

14 - 30 mol %

- CaO

3 - 15 mol %

-CuO

16-31 mol %

In Figure 4.2 is presented the projection of the homogeneity volume on the plane of
constant concentration Bi2C>3 = 52.4 mol %.

Figure 4.2: Projection of the Bi-2212 homogeneity volume on the plane of
constant concentration Bi203=52.4 mol %
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In the above figure, the homogeneity surface is well developed along the constant
CuO concentration lines due to the isomorphic character of Sr2+ and Ca2+ cations. The
boundaries of the homogeneity volume of Bi-2212 phase given above agree well with
previous experiments [6,7]. The Bi-2212 stoichiometric composition lays within the
homogeneity volume, but close to its surface. Also, the maximum transition temperature
for crystals grown from stoichiometric composition was 91.3K. Due to this factor, and
to the fact that the stoichiometric composition was widely used in previous crystal
growth experiments, it was decided to use the stoichiometric powder composition in this
work as well. It should be pointed out that in this case, due to the proximity of the
stoichiometric composition point to the surface of the homogeneity volume, the crystal
growth process is highly sensitive to the temperature variations. A small temperature
variation could easily lead to the instability of the Bi-2212 phase. The stoichiometric
composition: l/2Bi203=26.2 mol %; SrO=23.4 mol %; CaO=6.3 mol %; CuO=18 mol
% has a transition temperature TC=91.3K. This was not the highest transition
temperature obtained during the crystal growth experiment, but 96.4K, which
corresponds to the following composition: l/2Bi2C>3=28.9 mol %; SrO=31.1 mol %;
CaO=l 1 mol %; CuO=28.9 mol %.
The transition temperature of the Bi-2212 phase is strongly dependent on the cation
concentration, Figure 4.3. In this figure is represented the variation of Tc as a function
of cation composition around the composition of maximum Tc, measured along the lines
of constant cation concentration. This is a projection of a 3-D body on a plane of
constant cation concentration, in which the measurement was carried out along a
constant cation composition line. This two values are indicated at the top of each figure,
in this order.
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Figure 4.3: The Tc dependence on the cation concentration. At the top of each
figure is indicated the constant composition projection plane and the
constant composition line along which the measurement was carried
out
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Apart from the self-flux growth, the classic KC1 flux method [^] was also employed,
using the same crystal growth apparatus. In preparing the initial charge, a stoichiometric
mixture of B i(N 03)3.5H20 , Sr(N03)2, Ca(N03)2.4H20, and Cu(N03)2.3H20 was
dissolved in demineralised water, calcinated at 500°C in air for 20h and mixed with 85
90 wt% KC1. The charge was loaded into an alumina crucible, heated up to 910°C in 3h,
kept at that temperature for 1.5h and cooled down to 770°C at a rate of 5°C/h. The
crystals obtained in this way are easily removed from the flux by dissolving it in water
and their typical dimension was 2.5x2.5x0.02 mm3.

4.2.2. Bridgman Growth

Good quality Bi-2212 crystals, up to 7-8 mm long and 3-4 mm wide, were grown by
employing a modified Bridgman technique.
The Bi-2212 powder produced as described in the section 4.1.2, was heat treated in
vacuum (~10‘3atm) at 600°C for 6h and uniaxially pressed under ~700MPa into bars,
100mm long and 8mm diameter. The bars were loaded into a high purity alumina tube,
200mm long, having one closed end. The loaded alumina ampoule was lowered into a
vertical tube furnace, at speeds in the range (0.5-0.9)mm/h.
The vertical tube furnace used in this procedure, Figure 4.4, was specially designed
and build to generate a fix temperature profile, with the maximum temperature
~1050°C, and the minimum temperature ~80-100°C over a distance of ~3-4cm. The
minimum temperature was maintained within the range by having a cooling bath fitted
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under the furnace, in which the alumina ampoule would be gradually immerse as it
would come out of the hot zone of the furnace. The cooling bath was contained in a
copper vessel, and protected by a copper baffle to fit the size of the ampoule. The
cooling bath was an eutectic alloy: 63 wt% Ga, 25 wt% In, 12 wt% Sn, having a melting
point of ~10°C. The temperature of the cooling bath was maintained constant, in the
range of 50-80°C by circulating water.

Pulling speed
0.5-lmm/h
Alumina ampoule

Rezistive
heating

Ceramic fiber
insulator

Temperature
gradient
Axial: 250-300 C/cm
Radial: < 2°C/cm

Liquid bath overflow
Cooling bath
Ga 63 wt%
In 25wt%
Sn 12 wt%

Water inlet

Figure 4.4: Assembly for Bi-2212 crystal growth by Bridgman method
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As the alumina ampoule was lowered into the bath, the level of the cooling liquid
alloy was maintained at a constant height by an overflow mechanism.
This type of assembly would provide a sharp temperature gradient of -250300°C/cm, close in magnitude to the temperature gradient employed in zone melting
techniques.
After cooling, the alumina ampoule and the matrix were crushed and the crystals
could be extracted by cleaving them out. The crystals embedded in larger fragments
were extracted with an adhesive tape and the adhesive was subsequently dissolved in
hexane.

4.3.

Fabrication of Bi-2212/Ag Monofilament Tapes

The silver-clad Bi-2212 superconducting wires were fabricated by the powder-in
tube method (PIT). This consist in introducing the ceramic powder into a silver tube and
through repeated mechanical deformation the silver tube is transformed into wires or
tapes. The process is schematically presented in Figure 4.5.

4.3.1. Mechanical Deformation

Mechanical deformation of the oxide powder/Ag composite is an important step in
fabricating superconducting conductors by the PIT method. The future electric and
magnetic properties of the conductor will depend in a crucial way on the characteristics
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imposed during the mechanical deformation, such as the ceramic core thickness or the
smoothness of the interface between silver and ceramic core. For example, the
alignment of the superconducting grains in BSCCO/Ag tapes depends on the core
thickness and in order to induce a good degree of alignment, this should be around 40
50 pm or less.
Mechanical deformation of the silver-ceramic composite is a complex process due to
the differences between the two materials. Silver has a CFC structure and deformation
takes place by gilding along (111) maximum density plane. On the other hand, the
ceramic powder is deforming in two stages: macro-deformation, in which the particles
are flowing relative to silver; and micro-deformation, in which the particles are broken
into smaller entities. As a consequence, there are many variables involved in this
process. They can be separated into two groups:
- variables which depend on materials: the initial diameter, and the wall
thickness of the silver tube, the degree of silver softness (annealing), particle size and
shape of powder, phase homogeneity of the powder particles, powder packing density,
etc.
- variables which depend on the process: area reduction per pass, tangential
speed and diameter of the rolls, etc.
From this complex set of interdependent variables, we investigated the following:
initial roughness of the silver tube, the wall thickness of the silver tube, initial packing
density of the powder, reduction per pass and the diameter of the rolls. During the
investigation, the above parameters were varied one at a time, the others being kept
constant.
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The silver tube used in this experiment was of 99.9% purity (Johnson Matthey
Australia Ltd.), of 4.5mm ID, 6.5mm OD and 200mm long. The fabrication process of
the silver tube induced a pattern of scratches, and micro cracks on the inside, parallel
with the generator of the tube.
In order to asses the influence of these non-uniformities on the deformation process,
and ultimately on the orientation of the crystallites in the tape, two batches of tapes were
prepared. One batch was produced with “as fabricated” silver tubes, called batch A and
another batch was produced with silver tubes for which the scratches and cracks were
removed, called batch B. The removal of these non-uniformities from the inside of the
tube was done by polishing with diamond polishing paste (6pm, 3jnm, lpm) and
alumina polishing paste 0.05pm. Before loading the powder, the silver tubes were
sealed at one end, using a deformation process. In addition, the silver tubes of batch B
were annealed in air at 930°C for 7-8h to remove the microcracks.
The superconducting Bi-2212 powder, prepared as described in Section 4.1.2., was
degassed by heating up to 600°C, in a vacuum of ~103 torr for 8h. Immediately after
that, with minimum exposure to atmosphere, the powder was loaded in the silver tubes
and compacted in four different ways: 1) loose powder; 2) compacted powder, using a
vibrating device; 3) compacted powder, using a steel rod for ramming the powder into
the tube; 4) as pre-compacted powder, using an isostatic press to fabricate a bar of the
Bi-2212 material which closely fit the tube.
The powder packing procedure and therefore the initial density of the powder in tube
is influencing the silver/ceramic core volume ratio, an important parameter in the
process of conductor design.
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Figure 4.5: The PIT fabrication stages of Bi-22I2/Ag monofillamentary tapes
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Further, the three batches of drawn wires were flat rolled on two mills, having
different diameters of the rolls: 55mm and 234mm.
During flat rolling, the tangential speed of the rolls was kept constant at ~6cm/s and
the area reduction per pass was adjusted for each batch of drown wire at ~10%, -20%
and -40% respectively. During the mechanical deformation process, the annealing of the
silver was carried out at 350°C, for 20min after every (70-80)% area reduction.
However, the degree of annealing depend not only on the annealing temperature and
annealing time, but also on the amount of energy previously stored in the material, i.e.
the density of dislocations, which depends on the degree of reduction. Thus, the degree
of annealing, i.e. the degree of relaxation of dislocation, will be different for samples
deformed in a different way, but this effect was ignored.

4.3.2. Thermal Processing of Bi-2212/Ag Monofilament Tapes

The superconducting phases in the BSCCO system melt incongruently, (see Section
2.1.2), which means that at the melting temperature the solid phases are transforming
into a liquid phase and other solid phases. If the temperature is raised high enough, all
the solid phases will be subsequently melted. In the case of melting Bi-2212 phase, the
last solid phase present in the liquid is CaO, identified from quenching experiments and
reported by other authors as well [9,10]. Besides, at 910-915°C, silver has a solubility of
—5cation% in the liquid and in this conditions it is very difficult to retain the phase
purity upon cooling, when the 2212 phase forms back from liquid and other solid

77

phases. There are two main techniques for melt processing Bi-2212/Ag superconducting
tapes, depending how high the temperature is raised above the temperature of the
incongruent melting reaction. If the temperature is raised just above the temperature
where the melting reaction begins, the technique is called liquid assisted melt
processing, or partial melt processing. If the temperature is raised high enough to create
a high level of liquid phase, the technique is called melt processing. The following
describes a melt processing procedure for fabrication of Bi-2212/Ag superconducting
tapes.
A generic heat treatment schedule for melt processing Bi-2212/Ag tapes is
represented in Figure 4.6. It comprises most of the essential features of different
schedules which are used by other groups in melt-processing of Bi-2212/Ag tapes, using
air as the process atmosphere and described in detail in Chapter 3.

Figure 4.6: Generic heat treatment of Bi-2212/Ag composites in air
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This generic heat treatment has four distinct regions: in the first region, the
temperature is raised up to a maximum temperature Tmax=870-905°C and is maintained
at that level for approximately 30min; in the second region, the temperature is decreased
at a rate of between l-10°C/h, down to a temperature Thoid=850-820°C; in the third
region, the temperature is maintained constant at Thoid for 40-70h; finally, in the fourth
region, the temperature is decreased down to room temperature at a rate of 3001000°C/h.
Each region is designed to fulfil specific requirements. In the first region, the Bi2212 phase melts incongruently, forming a liquid and other nonsuperconducting phases.
In the second region the formation of the Bi-2212 phase begins, and the newly formed
grains grow and align. Also, the nonsuperconducting phases react via a solid state
mechanism of reaction, converting back into Bi-2212. In the third region this
transformation is maximised. In the fourth region, the material is cooled to room
temperature fast enough to retain the previously formed phase assemblage.
The maximum critical current density achieved with such a heat treatment so far is
(3-6)xl04 A/cm2, (see Introduction).
The Bi-2212 tape samples were heat treated in short length, approximately 50-60mm
long, in a controlled atmosphere tube furnace, having a homogenous hot zone of ~ 12cm.
The temperature was controlled within +1°C range, with R type thermocouples, placed
adjacent to the samples.
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5. Characterisation Techniques

5.1.

X-ray Techniques

5.1.1. Powder Diffraction

In the characterisation of the Bi-2212 powder and Bi-2212/Ag tapes, the powder
diffractometer is a useful tool for phase analyses, determination of the average size of
the crystallites and some texture information.
The investigations were carried out on two types of instruments: Siemens 5000 and
Philips PW1010. Both instruments were fully automated and configured in a BraggBrentano focusing geometry, with a 0-20 optics.
In all X-ray investigations the radiation used was Cuk<x> generated with a normal
focus

X-ray

tube,

having

a

wavelength

?tKai=1.5405A,

^ koc2= 1-5443A,

(^Kai+2=1-5417A), filtered with a Ni (3 filter. Due to the presence of Cu in the sample,
some fluorescent radiation is expected when using X-rays generated by the same
element. However, the background level was not very high. The detection of the
reflected X-rays was done with an ionising pulse detector.
For phase analyses on powder, the sample was finely hand ground in an agate mortar.
For phase analyses on tapes, the samples were split open, and flattened to expose the
ceramic core. The accuracy of this type of phase analyses is approximately ± 1%. The
investigated volume depends on the illumination of the specimen, which was not
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constant on the above named instruments and on the penetration depth of X-rays, which
for BSCCO is in the range 1-5 jam [*].
The peak indexing was done using the Bragg’s law, (nX = 2d sin 6), where n is a
positive integer, ne {N*}, X is the radiation wavelength, d is the distance between the
reflecting planes having the same Miller indices (hkl), measured along the [hkl]
direction, and 0 is the diffraction angle.
The resolution of overlapped peaks, when it occurred, was done using a peak
integration and deconvolution method. The profile of the resolved peaks was generated
with a Pseudo Voigt peak shape function.
For estimating the average crystallite size, the Scherrer method was used [ ].
According to this method, the width of a reflection peak at half maximum intensity
(FWHM), (31/2, depends on the average dimension of the crystallites D, normal to the
reflecting planes: Pi/2=[k^/(D cos 0)]. Here, the constant k varies between 0.89 and
1.39, but in most cases is close to 1 (an accurate value of k could be determined using a
standard). The other parameter represents the radiation wavelength X and the diffraction
angle 0. The accuracy of this method is ±10%.
The lattice parameters were calculated from the XRD scans of powder, by indexing
the peaks using Rietveld Analysis. In determining the lattice parameters, the normal Xray scan generated by the diffractometer has to be corrected. The correction was done
using pure Si powder as a standard, by mixing approximately 6-10 vol % Si powder
into the Bi-2212 powder.
The degree of crystallites alignment in the tapes can be estimated from XRD scans,
by calculating the F ratio [3] :

82

rp0 - rp00

7~<

f

’ TT f -

(1)

where: P0 is the peak height intensity ratio of an aligned sample.
Poo is the peak height intensity ratio of a randomly oriented sample, such as fine
powder.
The peak height intensity ratio is:
P =

X /(00Z)
(2)

'Y j(h id )

A value of F=1 indicates a perfect alignment, whereas a value of F=0 indicates a
random orientation.
Qualitative information regarding the texture of tapes could be assessed as described
above, but a quantitative result was obtained from pole figures.

5.1.2. Debye-Scherrer

This method was used for obtaining X-ray diffraction patterns from powder
extracted from Bi-2212 crystals, due to the fact that the amount of powder was small.
The experimental apparatus consist in an X-ray point focus source produced by a Cu
tube filtered by a Ni P filter and a 114.6mm diameter Debye-Scherrer camera.
The Bi-2212 crystals were hand ground in an agate mortar and the powder was
deposited on a thin glass fibre using vacuum grease. The duration of the exposure was
approximately lh.
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The ring pattern on the film was converted into an intensity-versus-20 scan using
Bragg’s law. In this case, the diffraction angle 0 = [180 S/(47C R)], where S is the arc
length of a particular ring, measured in millimetres along the film axis and R is the
camera radius in millimetres.

5.1.3. X-ray Texture Analyses

Statistical distribution of the relative orientation of the crystallites in the Bi-2212/Ag
monofilamentary tapes was measured in a X-ray texture analyses experiment. The
method employed was the constant diffraction vector method in oxp(3 geometry, which is
schematically illustrated in Figure 5.1. In this geometry, the X-ray source and the
detector are fixed, and the crystallites of a sample are brought successively into the
direction of the diffraction vector. This is achieved by rotating the sample about at least
two directions: normal to the sample ON, called (3 rotation, and perpendicular to the
sample normal, AB, called cp rotation. Most modem texture goniometers however, allow
for a third independent rotation, about the CD axis, called co rotation. In practice, the
sample is also translated

along the CD axis in order to increase the number of

crystallites illuminated by the incident beam. When ¡3 and (p rotations take place
simultaneously, the diffraction spot created by a particular (hkl) plane is generating a
spiral on the ANB hemisphere. The pole figure is then obtained by stereographic
projection of all the intersections between the ANB hemisphere and the diffracted beam,
and by connecting the areas which have the same intensity.
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Source

Detector

Figure 5.1: The ocxpp geometry for X-ray texture analyses

The texture analyses of Bi-2212/Ag tapes was carried out using a Philips PW1729
X-ray generator and a PW1078 texture goniometer adapted to a PW1050 powder
goniometer. The X-ray source was a point focus, generated by a Co target and filtered
with a Fe p filter. The *.CPI files generated by the powder diffractometer, were
converted into pole figures using specially designed software.
Sample preparation consist in removing the silver sheath by dissolving it in a
mercury bath, at 45-50°C. This ensures that the information regarding the relative
orientation of the crystallites in the layer adjacent to the silver is not distorted.
The X-ray texture analyses was carried out around the most intense Bi-2212
reflection in the tapes, generated by the (008), (0010), (0012), and (0017)
crystallographic planes, and the degree of alignment determined from XRD was
correlated with pole figure results. This was based on the fact that the overall orientation
of the grains can be uniquely determined if at least one crystallographic direction is
known, and if the Bravais lattice and the space group are known as well.
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5.2.

Electron Beam Techniques

5.2.1. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to investigate the morphology and
the microstructure of the Bi-2212 crystal and tape samples. Also, this technique was
used to observe the shape of the silver/ceramic core interface, and to estimate the
crystallite missorientation in the tapes, by the “dominant orientation” method [4]. This
method involves measuring the projections
which makes an angle

0

Pj

of the grains

with respect to the tape axis,

L j,

j£ {N*} along a test line,

P j= L jC O s (0 j-0 ), 0j

being the angle

between the grain j and the test line. The dominant orientation which accounts for both
the angle and the length of the grain j is the angle 5 for which the sum of the projected
length Pj is maximum:

r*

]

| X L /s in ( 2 0 ,) |
8 =

2

tani j^XL/cos(20;
^ ---------)j

The instruments used in electron microscopy work were Jeol JXA-80 and Leica
Stereoscan 440, equipped with Electron Dispersive Analyses (EDS) attachments, and
the microscopy was performed using secondary electron (SE) and back-scattered
electron (BSE) imaging.
The examination of Bi-2212 crystals and tapes was done by attaching them to the
microscope sample holder with conductive silver paste, in a position in which the (a,b)
crystallographic plane of the crystal (or the tape normal) were approximately
perpendicular to the electron beam.
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The Bi-2212 tapes were examined in two geometries: with the beam perpendicular to
the broad face, in order to observe the (a,b) plane of the crystallites, and with the beam
in the plane of the broad face of the tape in order to observe the silver-core interface and
the relative alignment of the crystallites.
The preparation of the tape specimens was done by cold mounting in resin, and
polishing on 600-, 800-, 1200-, and 2400mesh SiC polishing paper, followed by
polishing with 3pm and 1pm diamond paste, and 0.05pm alumina paste. Finally, the
sample were etched for ~1.5min in a solution of 1.5vol% of 60% percloric acid in
98.5vol% 2-butoxy-ethanol, at ~20°C. During polishing, the lubricant used was water
for the fully treated samples and 2-butoxi-ethanol for the quenched samples, in order to
preserve the phases which are soluble in water, such as CaO. All specimens mounted in
resin were coated with a gold layer, approximately 200-400A thick.
The chemical composition of the crystals and of the phases present in the tape
samples was analysed semiquantitatevly using EDS. Specialised software (Moran
Scientific) was used to collect the data and to account for the beam-sample interaction
effects by the standard ZAF (atomic number, absorption, fluorescence) method. The
result was the weight fraction for each cation; the weight fraction of oxygen was
determined by stoichiometry, assuming the following oxidation states for the cations:
Bi3+, Sr2+, Ca2+, Cu2+, Ag2+. However, the precise atomic concentration determination is
hampered by the existence of mixed oxidation states in copper, (Cu , and Cu ) and by
the difficulty in determining the proportion of Cu3+ fraction. This causes a variation in
the sum of the weighted fractions around 1. In such a case, the data was considered good
if the variation was the same for a particular phase in the sample.

87

5.2.2. Transmission Electron M icroscopy (TEM )

Transmission electron microscopy (TEM) was used on Bi-2212 crystal samples in
diffraction mode to measure directly the a, and b unit cell parameters and on Bi2212/Ag tape samples for assessing the type of dislocations, and to estimate the
dislocation density. Also, observations on the silver-core interface, micro-chemical
analyses of the secondary phases and observations on the lattice were carried out.
The instrument used in this work was a Jeol J 2000 FX1, with EDS attachment and
the samples were examined in two geometries:
- with the beam perpendicular to the {a,b) plane of the crystallites
- with the beam parallel to the (a,b) plane of the crystallites.
The observation on crystals was carried out only with the beam perpendicular to the
(a,b) plane, and the samples were prepared by repeatedly fracturing them in an
ultrasonic field, until the electronic transparency was achieved.
For observations on tapes in the first case, the sample preparation was done by
removing the silver mechanically or by dissolving it in mercury, and fragmenting the
ceramic core in an ultrasonic field, using ethanol, or 2-butoxy-ethanol, until the
thickness of the crystallites was small enough for electron transparency. Finally, the
crystallites were picked up from the liquid on copper grids, coated with an amorphous
carbon film. The transmission mode was used for observing dislocations, as well as
microchemical analysis and the diffraction mode was used for lattice parameters
measurement.
For observation on tapes in the second case, which is also known as XTEM, the
sample preparation is much more laborious. First, a stack of six tapes, approximately
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10mm long, were cut in half and introduced into a copper tube with 3mm OD, and
2.5mm ID. The copper tube was cast in conductive cold mounting resin, and cured in a
vacuum of ~10 3torr, in order to fill in all the voids between the tapes and the copper
tube. The tube was then cut with a diamond blade microcutter, perpendicular to its axes,
in discs mm in height. The discs were polished on 1200- and 2400mesh SiC polishing
paper on both sides, down to ~0.2mm height and finally ion milled with argon ions to
obtain electron transparency. This samples were used in transmission mode to observe
the silver/core interface.

5.2.3. Electron Diffraction Texture Analyses

In order to asses the preferred orientation in Bi-2212 crystals and tapes, two SEM
electron beam techniques were used: electron channelling patterns (ECP) and electron
back scattered diffraction patterns (EBSDP). In comparison with the X-ray texture
techniques, the electron beam techniques offer the capability of determining the absolute
and preferred orientation of individual grains, due to the possibility of focusing the
beam directly on them. This can not be achieved with the X-rays or neutrons, which
provide only a statistical distribution of the grains orientation.
The ECPs were obtained on a Jeol JXA-80 SEM. The technique involves placing the
sample surface perpendicular to the beam, focusing the beam on the desired crystallite,
and then rocking the beam with a small angle about the normal to the sample surface at
the focusing point. This creates a pattern, which represents a combination of parallel
lines, called bands. The pattern forms when the rocking beam strikes all the
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crystallographic planes which satisfy the Bragg condition of reflection (nl=2d sin0,
where n is the order of reflection, X is the wavelength of electrons and 0 is the reflection
angle), Figure 5.2. As a consequence, the width and the position of a band in the pattern
is uniquely related to the (hkl) crystallographic plane which produced that particular
reflection and the intersections of the bands represent zone axes and therefore the
pattern is “attached” to the lattice. The working parameters were: acceleration voltage
20kV, working distance WD8, objective aperture first or second, probe current 10'9A
and the beam current 10'8A.
The drawbacks of this technique are the poor resolution 10-20jim, small angular
dimension of the pattern 5-7°, which makes the indexing task more difficult and a more
stringent sample preparation procedure in comparison with EBSDP.
The EBSDPs were obtained on a Leica Stereoscan 440, equipped with a photon
amplifying system, comprising a phosphor-coated screen and a low light TV camera. In
comparison to the ECP, the advantages of EBSDP are an improved resolution 100
300nm, a wide angle pattern 70-80° and easier sample preparation.
The technique by which the EBSDPs are generated is different from that of ECP. In
the case of EBSDPs, the incident beam strikes the sample surface which is tilted with an
angle oc=69-71° relative to a plane perpendicular to the beam, generating a large fraction
of backscattered electrons diffracted by all the lattice planes which are in Bragg
reflecting position. The patterns form in a similar way as in the case of ECP, when the
diffracted backscattered electrons forms reflection cones on both sides of an (hkl)
reflecting plane and their intersection with the phosphorus screen represents the bands
of the pattern, Figure 5.3.
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Electron beam dirrection

Figure 5.2: The formation of reflection bands in ECP

Figure 5.3: Basic components of an EBSDP system
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The orientation of crystal samples was determined by placing a cleaved crystal with
its broad face on the pre-tilted surface of the sample holder and attaching it with silver
paste.
The patterns were recorded and indexed by using specialised software (COS
produced by TSL Inc.)
The calibration of the system was performed using the “single crystal’’ method, and
for this purpose, a silicon (001) single crystal was used.
The working conditions are very much dependent on the material. For BSCCO
superconductors, the acceleration voltage was 28-30kV and the probe current was 70200nA.

5.3.

Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was used to investigate the topography of (a,b)
plane surfaces and the growth steps in Bi-2212 crystals. The instrument used was a
Nanoscope DI, produced by Digital Instruments, which is capable of operating in three
modes: AFM - contact or tapping, Lateral Force Microscopy (LFM), and Scanning
Tunnelling Microscopy (STM). The operation principle of AFM consist of probing the
surface of the sample with a flexible cantilever, by dragging it (contact), or moving it up
and down (tapping) relative to the surface of the sample. The cantilever has a spring
constant which produces elastic forces smaller than the inter-atomic forces and therefore
the topography of the scanned surface could be measured without displacing the atoms.
As a result, when the sample is moved, the cantilever could be displaced from its rest
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position by individual atoms. This is detected by shining a laser beam on it and
measuring the deviation of the reflected beam with a quad detector. The signal is then
filtered, amplified and converted into an electronic image.
In the STM mode, the topography of the sample is measured by sensing the
tunnelling current between the sample and the tip of the cantilever, so it is limited to
conductive materials.
The crystal samples were cleaved along the (a,b) plane, heated up to ~120°C in a
vacuum of ~10' torr in order to remove the atmospheric moisture adsorbed on the
surface and then secured onto the sample holder with double sided adhesive tape.

5.4.

Thermogravimetric Analyses

Thermogravimetric analyses was carried out on Bi-2212 powder prior to loading it
into the silver tube and on heat treated tapes and crystals.
The analyses consists of differential thermal analyses (DTA) and thermal gravimetry
(TG). The DTA analyses can detect any phase transformation of a system (i.e. a sample)
during a heating cycle, relative to a reference system, which is stable, in terms of the
amount of energy released or absorbed during the phase transformation. The principle is
based on measuring the temperatures of the sample, the reference and the difference
between them during the heat cycle, by an array of sensors placed as close as possible to
the sample and the reference sample.
TG analyses can detect any mass variation of a sample during a heat cycle, by
continuously measuring the weight with a sensitive balance.
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For thermogravimetric analyses a Setaram 92-16.18 instrument was used. This is a
simultaneous DTA and TG measuring system and the results were analysed with
specialised software (Setaram). The thermocouple sensors were PtRh6%-PtRh30%.
In the case of powder and tapes the DTA-TG analyses was performed between room
temperature and 1000°C, with a heating rate of 10°C/min, in alumina crucibles. For heat
treated tapes, the analyses was performed both on the core and on the whole tape, with
the silver sheath.
In the case of crystals, in order to measure the gas absorption-desorption, a TG
analyses was performed between room temperature and 800°, with a heating rate of 0.12°/min and holding steps at 300°C, 550°C, and 800°C, with a holding time of between
2-1 Oh.

5.5.

Particle Size Distribution of Bi-2212 Powder

The particle size distribution of the superconducting powder plays a very important
role, in particular during the process of mechanical deformation of the silver tube, from
its initial shape to the final product. For this reason and for considerations of powder
reactivity, the optimum particle size distribution lies between l-5pm average diameter.
This is the diameter of a sphere which would circumscribe the real shape of the particle.
The particle size distribution of Bi-2212 powder, produced as described in Section
4.1, was measured with a Mastersizer S (Malvern Instruments) analyser.
The principle of the instrument consists of measuring the diffraction angle of a laser
beam, scattered by the particles being measured. The powder is dispersed into a liquid,
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which for Bi-2212 can be filtered water, and the liquid suspension is circulated through
an expanded (18mm diameter) laser beam. According to the Fraunhofer principle, the
incident radiation is scattered in such a way that the smaller the diameter, the bigger the
diffraction angle. The diffracted radiation is passed through a series of Fourier transform
lenses which also correct the aberration and convert it into an electric signal with a
customised solid state detector, made of an array of 46 individual detectors placed in a
forward scattering position and 2 individual detectors placed in a back scattering
position. The signal from the detectors is filtered, amplified and analysed with
specialised software (Malvern Instruments).
The particle size range of this instrument is 0.05jim to 873jim.

5.6.

Microhardness

The microhardness of Bi-2212 crystals was measured with a microprobe indenter
UMIS 2000 (Ultra Microindentation System). The indentation was performed with a
Berkovich type indenter, which is in a form of a diamond pyramid on an equilateral
triangle base, with face angles of 65.3°.
The principle of this instrument consists of applying a loading force cycle on the
indenter and measuring the penetration depth which corresponds to each force step in
the cycle. The force steps cycle starts with a minimal value, which is the contact force,
increases in small steps up to a maximum value and decreases back to the level of the
contact force. The force steps are applied in a square root sequence which produces
approximately equal steps of penetration in most materials.
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In the case of Bi-2212 crystals, the maximum applied force was lOOmN, 50mN,
20mN, and lOmN. For the forces of 100, 50 and 20mN, the penetration was
accompanied by cracks in the crystal and therefore the maximum force applied on the
indenter was limited to lOmN.
During the load-unload cycle, the maximum applied force was increased in 20 steps,
from a contact force value of 0.05-0.08mN, up to the maximum value.
The hardness is deduced from the relationship between the applied force and the
deformation [5], and is based on the observation that the total indentation depth is the
sum of plastic indentation depth (hp) and the depth component of elastic deformation
(he), ht=hp+he. The hardness is given by H = F/A, where F is the applied force and A is
the area of indentation, A = 24.5 hp2.
The elastic properties of the indented material can then be deduced from the slope of
the unloading curve [6] dP/dh = 1.167 E*(A)1/2, where E* = (1-Vi2)/E i+(1-V22)/E2, is the
effective elastic modulus of the system, Ei, E2 are the Young’s moduli of the indenter,
and the indented material, and Vi, V2 are the Poisson’s ratio of the indenter and the
indented material.
With Bi-2212 crystals, two type of hardness measurements were performed:
- with the indenter perpendicular to the (a,b) plane
- with the indenter perpendicular to the c crystallographic direction.
The sample preparation was done by imbedding the crystallite in cold mounting
resin.
The analyses of data was carried out using specialised software, produced by CSIRO
- Division of Applied Physics.
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5.7.

Electric Properties M easurements

Electric (transport) characterisation of the Bi-2212 crystals and tapes was carried out
in order to determine the transition temperature Tc, the critical current Ic, and the
relation between current and voltage (I-V) curves.

5.7.1. Transition Tem perature Tc and Critical Current Ic

The transport transition temperature Tc, was measured on crystals and tapes, using
the so called “four point” technique. This consists of attaching four leads to the sample,
as shown in Figure 5.4.

IEEE488.2

S2

SI

Figure 5.4: A pparatus for measurement of transport Ic and Tc
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The two outermost leads are for the current (I) and the two inner leads are for the
voltage (V). In the case of crystals, the contacts were attached to a freshly cleaved
surface, which was the (a,b) plane. This was made by evaporating a thin layer of silver
on the crystal, and then microsoldering the Ag or Au leads with indium. In the case of
tapes, the contacts were attached to the broad face of the tape on the surface of the
silver, by soft soldering with Sn:Pb 50:50, or indium. The contacts made on the tapes
present no difficulty, but in the case of crystals the contact resistance was sometimes
unacceptably high. In this case, after the soft soldering operation, the contacts were
annealed in oxygen at 400°C for 5h.
The operation principle consist in passing a small DC current 1=0.001-0.01 A through
the sample and while the temperature is decreased, measuring the voltage drop between
the two voltage leads (V), after a fixed time interval. In order to compensate for the
difference in resistance between the contacts of the two voltage leads, as well as for the
bias thermal efms, the probe current is reversed and the voltage drop is expressed as the
difference between the two intermediate voltage drops, corresponding to each current
direction.
The sample was introduced inside a cavity (SI), where the temperature was
decreased or increased and monitored relative to an adiabatic cavity (S2-triple point of
water), using Cu-Constantan thermocouples. The signals from the voltage leads (V) and
from the thermocouple (T) are collected via a relay, measured by the multimeter, and
recorded by the computer via the IEEE488 data bus interface. The output of the current
source and the relay switching time are controlled also by the computer via the same
interface, using home written software.
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At the normal-superconducting transition, the voltage drops down to a level which is
lower than the noise level of the measuring instrument.
The current source was Keithly 228A and the multimeter was Keithly 198.
This method is relatively simple, but it does not measure a bulk superconducting
state. It only proves the existence of at least one superconducting path inside the sample.
The critical current Ic was measured on tapes between 77K, and 4.2K, in self field
and in an applied field B, 0<B>Hci, with different field geometries. This parameter has a
technological importance and it simply represents the threshold value above which the
conductor is no longer functional in the sense of negligible joule losses, due to the
nature of the mixed state. Thus, Ic is not an intrinsic materials parameter and therefore it
is necessary to be define according to some recognised criterion. The criterion was
based on Ohm’s law and is the commonly accepted electric field criterion of ljiV/cm.
Consequently Ic is the value of the current which produces a voltage drop of l|iV
between the voltage leads, situated 1cm apart.
In order to verify if there is a significant joule loss in the threshold region, the
complete I-V characteristics were recorded and then fitted with the power law model V
= In. If n is large (n>20) then Ic is less dependent on the chosen criterion and therefore it
is representative for that particular sample. If n is low (n<5) this is an indication of
significant joule losses at currents lower than the current necessary to exceed the
threshold of ljiV/cm.
The Ic measurements were also based on the four contact points technique, as
illustrated in Figure 5.4. The contacts were attached to the tape with indium. Particular
care was taken with the current contacts, especially in the case of liquid He
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measurements, when balancing was required in order to avoid the thermoelectric effects
and the occurrence of a He boiling film on the sample surface.
The current source was Hewlett Packard 6672A and the multimeter was Keithly

2001.

5.7.2. I-V Characteristics

The I-V characteristics of Bi-2212/Ag tapes were measured at 77K, in self field and
in magnetic fields up to IT, applied perpendicular to the broad face of the tape (B||c),
using the four point technique, as illustrated in Figure 5.5.
The contacts were made by low temperature soldering with In or Sn:Pb 50:50. The
DC current source was Hewlett Packard 6672A, or Keithley 228A and the multimeter
was Keithley 2001, coupled with a Keithley 1801 nanovolt amplifier, providing a
maximum resolution of lOnV.

5.8.

Magnetic Properties Measurement

5.8.1. AC Susceptibility

The fundamental ac susceptibility was measured in Bi-2212 crystals and tapes. The
technique measures the variation in the magnetic moment (Am) of the specimens and
consequently, ac susceptibility is sensitive to any change in the slope %—dm/dH of the
magnetisation curve of a material.
100

IEEE488.2

Figure 5.5: A pparatus for measurements of I-V characteristics

The principle of ac susceptibility consist of introducing the sample into an ac field,
Hac= ho cos(cot). With the sample in normal state, the ac field penetrates the whole
sample, the skin depth at 1kHz being larger than the sample dimensions. When the
normal-superconducting transition occurs, the magnetisation of the sample will change
due to the flux exclusion and therefore the inductance of the coil in which the sample
resides, will change as well. The change is due to the ac magnetisation, Mac = mo
cos(cot-0), where 0 is the phase difference between the ac drive field and the
magnetisation.
If the magnetic response of the material is linear, the complex form of magnetisation
is Mac= x ’h0 cos(cot)+x”h0 sin(cot), where x = (mo/h0) cos0, is the in-phase, or real
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component, and % —(mo/ho) sin0, is the out-of-phase, or the imaginary component. The
complex susceptibility is given by %ac= X ~ *X”•
If the material’s response is not linear, as is the case for HTSCs under certain
temperature and bias-field conditions [7,8,9], the sinusoidal ac field induces non
sinusoidal oscillations of magnetisation. This may be describe as a sum of sinusoidal
components which oscillate at harmonics of the driving ac field:
Mac(t) = ho Z[Xn cos(ncot) + %n sin(noot)], where %n, and %n , ne {N*}, are the in-phase
and out-of-phase components of the harmonic susceptibility respectively. For n=l, %i
and Xi represent the fundamentals.
In order to measure the ac susceptibility in the temperature range 10K-150K, a
susceptometer was built, Figure 5.6, using a double stage He cryo-cooler (CTICryogenics 8300). The sample is placed inside coil C l(4010 turns, 0.06mm enamel
insulated Cu wire, 18mm long, 4.5mm bore diameter), which is in series with coil
C2(4010 turns, 0.06mm enamel insulated Cu wire, 18mm long, 4.5mm bore diameter),
but winded in an opposite direction. Both C1 and C2 are well balanced, having the same
inductance L = 105H and resistance R = 5MÍ2. The ac driving field (350mGauss) is
created by coil C3 (400 turns, 0.15mm enamel insulated Cu wire, 26mm long, 25mm
bore diameter), from an ac signal (1kHz) provided by the lock-in amplifier (SR830 DSP
Stanford Research). All three coils are thermally anchored to a copper plate SI, whose
temperature is monitored by a temperature controller (ITC4 Oxford Instruments), via a
calibrated Cu-constantan thermocouple, relative to an adiabatic space S2 (boiling point
of liquid nitrogen, 77.4K). The temperature controller provides a heating power of ~6W
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through resistor R, which compensates the cooling power (-0.4W) of the cryo-cooler.
The data is collected and analysed by a PC via home written software.
The phase shift on the lock-in amplifier was adjusted in such a way as to obtain x =0
at a temperature well below the Tc of the sample and in the same time to maximise the
absolute value of %. This temperature was 40K, in zero dc field.
The phase angle can be adjusted also after the data collection, by an orthogonal
rotation of the %, and % vectors in the complex plane. However, it was noticed that the
first method of phase adjustment gives also a lower noise signal in the normal state.
The measurements were carried out with no bias dc field, and with a bias dc field up
to 30000 Oe, applied parallel to c axes.

Figure 5.6: Apparatus for measurement of ac susceptibility
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5.8.2. DC Magnetisation and Magnetic Critical Current Density

DC magnetisation measurement were carried out on crystals, and tapes, using a 5T
Magnetic Properties Measurement System (MPMS), (SQUID-Quantum Design) and a
9T Physical Properties Measurement System (PPMS) (Quantum Design). The field was
applied perpendicular to the (a,b) plane in the case of crystals and perpendicular to the
broad face in the case of tapes.
In the dc magnetisation measurement the absolute value of the magnetic moment m
is measured in a dc field, HdC. The principle of the instruments consist in applying the dc
field to the sample and then moving the sample relative to a sensor. For SQUIDS the
sensor is formed by two Josephson junctions coupled in parallel, for which the critical
current as a function of the flux, Ic(<|)) = lc(0)|cos (7t<j)/(|)o)|, is modulated by the total flux §
perpendicular to the plane of the two junctions, cf>o being the flux quantum. In the case of
PPMS magnetometer, the principle of measurement is the same, but the sensor is a
system of coils.
The calculation of magnetic critical current density, Jc m, is usually achieved by
making use of the dependence Jc m ^ AM, where AM is the width of the hysteresis loop
at a particular field. The calculation of Jc m from the magnetisation measurement is
based on the critical state model, applied to a finite sample and is usually called the
“modified Bean model”. For a slab-like sample having the width a and the length b, the
magnetic critical current density can be written as [10]:

3cM ~
a

20AM
f
a \

( 1)

y1 3bj
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In the above equation Jc m is in [A/cm2], AM is in [emu/cm3], a and b are in [cm].
As indicated in Section 2.1.1, for Bi-2212 the a and b dimensions of the orthorombic
unit cell are much smaller than c dimension. Also, the presence of two Cu-0 planes,
separated by insulating planes gives this phase a layered structure. This two features are
at the origin of the strong anisotropic properties of the Bi-2212 phase.
For high quality Bi-2212 crystals with weak pinning and such a layered structure, due
to the phase difference between the order parameter in adjacent Cu-0 superconducting
layers, a Josepson current could be created, perpendicular to the layers, which in turn
creates Josepson vortices. These vortices, positioned parallel to the superconducting
layers are coreless, as opposed to the Abrikosov vortices and are also called pancake
vortices. They act like vortices in a SNS Josepson junction, exhibit intrinsic pinning,
and can not be pined by defects or other structural inhomogeneities.
The quasi 2D vortices situated in different superconducting layers can interact along
the c direction via the Josephson interlayer coupling, forming a vortex line.
The magnetic field applied parallel to the c direction, penetrates the layered
superconductor in the form of vortex lines. In this case, the pancake vortices are centred
around the magnetic flux lines, and therefore their core is normal, having the radius
approximately equal to the coherence length in the (a,b) plane (^ab>)>

the screening

currents in this case extend over the London penetration depth in the (a,b) plane (A,at>)These type of vortices are called Abrikosov vortices and they can be pinned by
inhomogeneities within the material [u ]. If the external field is applied perpendicular to
the c direction, it penetrates the layered superconductor in the form of Josephson
vortices [12]. Both types of vortex lines form a complex 3D body: the flux lattice (FL).
Under certain conditions the dimensionality of the FL can change from 3D to 2D. These
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conditions are related to the variations of temperature, applied current, and applied
magnetic field.
In a layered structure in zero field, the vortex line can be destroyed as the
temperature is increased. The destruction (melting, or sublimation) of the vortex line
takes place due to thermal fluctuations which induce the spontaneous creation of vortexanti vortex pairs. As the temperature is increased, the average size of the vortexantivortex pairs increases, and at a specific temperature called the Kosterlitz-Thouless
temperature (T kt), the pair disintegrates into free 2D vortices [13, 14].
At a temperature lower than T kt, where the fluctuations still play a role, when a
current is passed through a layered superconductor, it flows in the (a,b) plane and act on
the pairs vortex-antivortex with a Lorentz force. This leads to the breaking of the pairs,
in spite of the attractive Josphson interlayer coupling and the magnetic interaction of the
pairs, and results in non linear current-voltage characteristics, which is an indication of
change in FL dimensionality. At a temperature lower than T kt where the thermal
fluctuation are negligible, the applied current acts on the vortex lines, trying to move
them, in spite of pinning, which leads again to a dimensional transition. Experiments
based on the angular dependence of the critical current on the crystallographic directions
found evidence of 3D—>2D transition in BSCCO [15,16].
At finite magnetic fields, applied parallel to the c direction and in the absence of
pinning, the FL undergoes a 3D—*2D transition, which depends on the temperature of
the system [17,'V 9, 20], called the melting temperature, Tm2D [21,22]. This crossover field
is given by [23], Figure 5.7:
B CI=jr(<£>c/

Xj)2In y K

(2)
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where O0 is the flux quanta,
anisotropy ratio and

k

is the Josephson penetration depth, y = X j X& is the

= A,ab/ ^ab is the Ginzburg-Landau parameter.

For temperatures below a crossover temperature To, corresponding to the crossover field
Bcr, the FL is a 3D Abrikosov lattice which turns into a 2D vortex lattice above the
decoupling line TdC, and further into a liquid of quasi independent pancake vortices
above the melting temperature Tm.
For applied fields B>Bcr the mechanism of transition could be explained by the
vanishing of the Josephson critical current density Jco, due to the destruction of the
phase coherence in the c direction, caused by a small tilt energy of the FL [24]. For the
highest fields, the Tm line in the above figure extrapolates to the transition temperature
Tm2D of a single superconducting layer [25,26].

Figure 5.7: Schematic of magnetic phase diagram of a layered superconductor in
the absence of pinning, after [24]
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For fields B<Bcr, and temperatures Tm above the temperature T0, the 3D vortex
lattice is melting into a liquid of well defined, disentangled vortex lines.
For applied fields B<Bcr, the mechanism of transition at the temperature Tmcould be
explained based on the Lindemann criterion: the melting of the 3D FL takes place when
the mean thermal fluctuations of the position of the flux lines are of the order of the FL
constant ao, <u > °cao. The thermal fluctuations <u > are determined by the FL elastic
moduli: cn bulk, C44 tilt and C66 shear [27,28,29].
Under the above conditions (B<Bcr, T >To), at the melting line Tm, the shear modulus
C66 vanishes, but the tilt modulus C44 is finite, which gives the vortex lines in the liquid a
define character. As the field is increased, the vortex lines evaporate above the
temperature Tcr and the FL turns again into a liquid formed by pancake vortices.
Both melting lines Tm, and Tcr should terminate below the mean field transition
temperature Tco, at T kt, and Te respectively.
In the cases when the pinning plays an important role, such as Bi-2212 crystals with
defects, or tapes one has to consider the pinning as well, and in this situation the picture
becomes more complicated. The additional factor to consider besides the tilt energy Utiit,
and shear energy UShear is the pinning energy Up of the pinning centres. Depending on
the relative magnitude of these energies, there are four cases [ ]:
- if Unit > Up > Ushear, there is a region in the H-T diagram with independently
pinned vortex lines
- if Up > Utiit, Ushear, pancake vortices can be pinned independently at suficient
high temperatures
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- if Ushear >UP > Utiit, there is a region in the H-T diagram with 2D pancake
vortices, pinned collectively, but the vortices in different layers are decoupled
■ if Utiit, UShear >Up, there is a region in the H-T diagram where the vortex lines

are pinned collectively.
Depending on the above cases, the FL undergoes various possible transitions, which
are still the subject of intense debate within the scientific community. In addition, the
basic picture presented above can be brought a step closer to a real scenario by
introducing different categories of pinning centres, with different pinning energies.
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6. Characterisation of Bi-2212 Powder

6.1.

Phase Purity of Bi-2212 Powder

The phase purity of Bi-2212 powder, produced as described in Section 4.1, was
investigated by X-ray diffraction, using Cukoc radiation, at room temperature and
recorded between 20 = 3°-63°.
For comparison between the two procedures of powder processing (solid-state
reaction described in Section 4.1.1 and evaporative drying described in Section 4.1.2), a
typical XRD scan for each method is presented in Figure 6.1.

29 [deg]

Figure 6.1: XRD scans of Bi-2212 powder produced by: (A) solid state reaction;
and (B) evaporative drying
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For powder (A) produced by solid state reaction, traces of un-reacted CaO, SrO and
Ca2C u03 are identified by their major reflection peaks. Also, the peaks of the Bi-2212
phase are weak and broad, an indication that a small number of crystallites were
formed. This point to the conclusion that the formation of Bi-2212 phase is slow and the
impurity phases associated with this procedure is too high.
For powder (B) produced by evaporative drying, the presence of secondary phases is
much reduced and a bigger number of peaks could be indexed as belonging to the Bi2212 phase Figure 6.2. In order to asses the phase composition of powder B, the
theoretical X-ray diffraction pattern of the Bi-2212 phase was generated on a PC using
specialised software. The pattern was refined based on orthorhombic structure in the
Fmmm space group, using the atomic co-ordinates which are given in Table 6.1.

Figure 6.2: Calculated and observed X-ray diffraction spectra of Bi-2212
powder produced by evaporative drying
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This structure contains four oxygen atoms, 01, 02, 03 and 04. The 01, 02 and 03
are in a square pyramidal co-ordination with Cu atoms, 01 and 03 being in the basal
plane of the square pyramid, and 0 2 being in the tip of the pyramid. The fourth oxygen
atom, (04), is co-ordinated by Bi atoms [l].
Unit cell parameters of the “as produced” powder were calculated based on an
orthorhombic structure. The centroids of the Bragg peaks were determined by fitting
with Pseudo-Voight function and the values of unit cell parameters were refined by
specialised software (Latcon), using Rietveld analyses. The values obtained are: a =
O
o
o
5.381 A, b = 5.431 A and c = 30.916A. these values, together with atom positions given
in Table 6.1 were used to generate the theoretical XRD spectrum of Bi-2212 phase, and
provide in this way the basis for qualitative phase analyses.
The Bi-2212 powder sample was prepared for XRD by adding ~5wt% Si powder as
an internal standard to identify the possible shift in the position of peaks. The above
figure shows that there is a good agreement between the observed pattern and the
calculated pattern, with a match factor of 92.7%. The peak marked B, could be
identified as the main diffraction peak of BinSriaCuyOz. The minor peaks marked C
could not be unambiguously identified.

Table 6.1: The refined atom positions in the structure of Bi-2212 phase
Atom
Bi
Sr
Ca
Cu
01
02
03
04

X

0
0
0
0
0.5
0
0
0.5

y
0
0
0
0
0
0
0
0

z
0.306
0.267
0
0.41
0.37
0.33
0.19
0.2
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Biso

3
3
3
3
3
3
3
3

Occupancy
1
1
1
1
1
1
1
1

W
8i
8i
4a
8i
16n
8i
8i
16n

In the above table Biso is the isotropic thermal parameter (Debye-Waller factor) and
W is the Wyckoff position. The values obtained are similar with those given in reference

6.2.

Particle Size of Bi-2212 Powder

The suggestion that the size of Bi-2212 powder particles plays an important role in
the mechanical deformation of the composite and in the Bi-2212 phase formation within
the tape has a broad support. It was suggested [3] that an optimum size for Bi-2212
powder particles is around 5pm, but no indication was given as what is the best way to
achieve it.
The particle size distribution of Bi-2212 powder produced by evaporative drying as
described in Section 4.1.2, was investigated under conditions described in Section 5.5.
In order to asses which type of milling is more efficient, the “as fabricated” powder was
divided into three batches. For batch 1, the Bi-2212 pellets were crushed, hand ground
in an alumina mortar for l/2h and milled for 15min in a Reeves attrition mill (Union
Process Co.), using zirconia balls and zirconia container. For batch 2, the pellets were
crushed and hand ground in an alumina mortar for l/2h. For batch 3, the pellets were
crushed and hand ground in an alumina mortar for lOmin. The particle size distribution
for the three powder batches is presented in Figure 6.3.
It can be noticed that the attrition milling is very effective in reducing the size of the
large powder particles, but has no effect on the powder particles smaller than 1p.m. In
addition, hand grounding can reduce only the very large powder particles, which have a
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diameter of tens of microns, but this reduction method is not effective for powder
particles smaller than 10-20|im.
The milling procedure applied to batch 1 was used for adjusting the grain size of Bi2212 powder produced by evaporative drying, and used for PH fabrication of Bi-2212
tapes.

Figure 6.3: Variation of particle size distribution for Bi-2212 powder produced by
evaporative drying and milled using: (1) an attritor; and hand
grounded for: (2) l/2h; and (3) lOmin

6.3.

Melting Temperature and the Influence of Process Atmosphere

The melting temperature of the Bi-2212 powder produced as described in Section
4.1.2, was determine by differential thermal analyses (DTA) and thermogravimetric
analyses (TG), using a simultaneous DTA-TG apparatus. The investigation was carried
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out in air, oxygen and nitrogen flowing gas, at a flow rate of ~0.3 cm3/min. The melting
temperature was also determined in a vacuum of —10 ^Pa. The melting temperature was
considered equal to the DTA onset temperature, determined as described in Section 5.4.
It should be mention that the liquid phase begins to form at a temperature which is lower
than the DTA onset temperature, a fact which has to be considered when the heat
treatment of a superconductor is designed.
The measurements were carried out in high density alumina crucibles, on samples
varying between 30mg and 50mg, in the temperature range of 25-1100°C, with a heating
rate of 10°C/min.
The DTA onset melting temperature of Bi-2212 powder as a function of atmosphere
is summarised in Table 6.2.

872
883
829
770

o

n

Tm. [°C]
876
896
847
779

o

u

o

H

Atmosphere
Air
Oxygen
Nitrogen
Vacuum [-lO^Pa]

H

Table 6.2: The DTA and TG onset temperatures for Bi-2212 powder in air, oxygen,
nitrogen and vacuum

711
720
704
55

In the above table, Ti is the temperature for which the DTA signal first departs from
the baseline with more than ±2%, representing the temperature when the liquid phase
first appears; Tm is the intersection between the baseline and the tangent to the DTA
signal curve at the point of maximum deviation where the temperature is Tp,
representing the DTA temperature of melting reaction, as indicated in Figure 6.4 (a)
and T0 is the onset temperature of TG mass loss.

116

The heat flow (DTA signal) versus temperature for the above mentioned working
atmospheres, air, oxygen, nitrogen and vacuum is presented in Figure 6.4 (b). The
above figure shows not only the onset temperature of melting reaction, but also it
provides some useful information about the nature of the melting.
Thus, in the case of air, and nitrogen, the incongruent character of reaction is weak,
the DTA signal revealing one main endothermic peak. In the case of oxygen, and
vacuum, the presence of two well defined endothermic peaks proves that the
incongruent character of reaction is strong. In this case, the powder decomposes into a
liquid phase, and a larger amount of solid phase which melts at a higher temperature.
The TG response signal, Figure 6.5, shows that, apart from the typical weight loss
which accompanies the melting reaction at a particular temperature Tm, there is a weight
increased between the room temperature, and the onset of the melting reaction, due to
the absorption of gas. This is probably a consequence of a surface reaction, and was less
pronounced when a Bi-2212 crystal was used.
The weight variation during the heating cycle depends on the nature of the gas in which
the heating of Bi-2212 powder takes place.
This variation is nonlinearly dependent on temperature, having a maximum weight
gain at a particular temperature T0. Beyond this temperature, the weight loss begins to
be dominant.
Qualitatively, the weight variation is larger in nitrogen and air, and it becomes
smaller in vacuum and oxygen.
The TG signal in the above experiment was corrected for bias values by first heating
up and cooling down the empty crucibles (sample and reference), and then subtracting
the two curves.
117

(a)

T[°C]

(b)
Figure 6.4: (a) The definition of param eters Ti, Tm, and Tp commonly used in DTA
measurement; (b) The DTA response signal for Bi-2212 powder
between 25 and 1100°C recorded in air, oxygen, nitrogen and vacuum
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Figure 6.5: The temperature dependence of the TG signal for Bi-2212 powder
between 25 and 1100°C recorded in air, oxygen, nitrogen and vacuum

The observations resulted from this experiment suggest that nitrogen is adsorbed into
Bi-2212 in a large proportion than oxygen. This is particular useful for PIT fabrication
of Bi-2212/Ag tapes in which the control of blisters is a major problem. Thus, it is
possible that the nitrogen adsorbed into Bi-2212 powder from atmospheric exposure,
may be a cause for blisters.

6.4.

Resistive Transition Temperature

The resistive transition of the Bi-2212 powder, produced by evaporative drying as
indicated in Section 4.1.2, was measured on sintered pellets between 300K and 77K,
using the apparatus described in Section 5.7.1. The measurements were carried out on
pellets produced by uniaxially pressing the powder in a steel die, under ~250MPa, and
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heat treating them at 500 C for lOh, in flowing air, oxygen and nitrogen, at normal
atmospheric pressure, Figure 6.6. The heat treatment temperature of the pellets was
chosen based on the result of the TG experiment, which indicates that the rate of gas
absorption around 500-600°C is reasonable high for all types of gases used. In the figure
is also presented the resistive transition temperature measured on a pellet heat treated in
vacuum (-lO^Pa) at 500°C for 2h (a longer heat treatment in vacuum decreases the
onset of the transition temperature to less than 77K, see below).

Figure 6.6: Resistive transition temperature of Bi-2212 powder, pelletised
and heat treated at 500°C for lOh in air, oxygen and nitrogen, and for
2h in vacuum

All measurements were recorded while heating up the samples, from 77.4K to 300K.
The four contacts required in this measurement were done with In, using a 0.08mm
diameter silver wire and the resistance of the contacts was in the range 0.01-0.08Q. The
probe dc current was 0.01 A.
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In Table 6.3 is summarised the result of resistive transition temperature
measurement. The parameter Tco represents the temperature for which the resistivity of
the sample becomes lower than the noise of the measuring instrument. The parameter
Tc ons represents the onset temperature of the resistive transition.
The variation of transition temperature (both Tco, and Tcons) shows a clear
dependence on the partial pressure of oxygen in the heat treatment atmosphere, which
confirms previous results [4, 5, 6]. Relative to the sample heat treated in oxygen, the Tc is
increasing for samples heat treated in air, and nitrogen and decreasing for the sample
heat treated in vacuum, which is equivalent with a decrease in oxygen partial pressure.
Also, with the increase of Tc we note an increase of room temperature resistivity,
except the case of vacuum, but in the same time the width of the transition ATCdecrease.

Table 6.3: The variation of superconducting transition parameters Tc,o, T c>ons and AT for
different heat treatment atmospheres

T c0 [ K ]
T c ons [ K ]
A T [K ]

Oxygen
79.5
90.5
11

Air
81.3
91.6
10.3

Vacuum
~60
80
~20

Nitrogen
86.8
95.4
6.8

The atmosphere influence on Tc, and in particular the oxygen influence will be
discuss again in Sections 7.7, 7.8, 7.9.
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7. Characterisation of Bi-2212 Crystals

7.1.

Microhardness

The microhardness of a Bi-2212 crystal, prepared as described in Section 4.2.2, was
measured as described in Section 5.6.
In previous measurements of hardness carried out on ceramic superconductors
YBCO, and BSCCO the Vickers technique was employed. With this method, the
hardness is calculated from the plastic deformation of the material, by relating the
degree of penetration of a diamond pyramid into it, using the following equation f1]:
Hy=P/2a2, where P is the applied load and a is the semidiagonal of the impression.
In the case of polycrystalline YBCO, the values of the applied force P used were in
the range [2] 0.25-2N, [3] 0.25-0.5, or [4] 0.5-20N. In the case of single crystal YBCO,
the values of the applied force P used were in the range [5] 0.1-2N. In all these cases of
hardness measurement it was reported that indentation of the material was accompanied
by visible cracks, seeming out of the impression.
In the case of polycrystalline Bi-2212 which contained up to 40 wt% silver, the
values of the applied force P was 156.25N [6]. To our knowledge, the only measurement
of hardness on Bi-2212 crystal was performed using a related method (Knoop), for
which the applied force P was in the range [7] 0.1-IN, applied perpendicular to the ia,b)
plane. Again, as in the case of YBCO, the indentations were accompanied by visible
cracks. The presence of the cracks in the above hardness measurements can provide
additional information regarding the toughness of the material (Kc), by measunng the
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length of the cracks. However, the diagonal (or semidiagonal a ) of the impression is
directly dependent on the depth of penetration into the material by the indenter and this
in turn is altered by the presence of micro- or macro-cracks. A correct reading of the a
value is when the value of the applied force is such that the micro-cracks are just about
to be formed under the tip of the indenter. When using the Vickers method, it is not
possible to gauge this value of the applied force and therefore the results on hardness
determination are subject to variations.
In this experiment, the hardness measurements were carried out on a well grown Bi2212 crystal. The method used, described in detail in Section 5.6, consists of applying a
loading force cycle on the indenter and measuring the penetration depths into the
material which corresponds to each force step in the cycle. The force cycle starts with a
minimum value, which is the contact force between the indenter and the surface of the
material, goes up to a maximum value and decreases back to the level of the contact
force. The force steps are applied in a square root sequence, which produces
approximately equal steps of penetration. The hardness is then calculated from the slope
of the unloading curve.
In Figure 7.1 is presented the load-unload cycle, for a maximum applied force of
50mN, applied perpendicular to the (a,b) crystallographic plane of the Bi-2212 crystal.
This maximum applied force was much smaller than the minimum value of the applied
force used in the previous measurement of hardness, but even in this case micro-cracks
begin to form and are represented by a jump in the value of penetration. In the figure it
is seen that the micro-cracks are nanometer size and therefore are invisible under the
SEM.
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Figure 7.1: The load-unload cycle for a maximum applied force of 50mN, when
micro-cracks appear during deformation

In order to avoid the formation of micro-cracks, the maximum applied force was
limited to lOmN, and the load-unload force cycle was divided into 20 steps. The
direction of the applied force was perpendicular and parallel, respectively, to the (a ,b )
crystallographic plane of the crystal. This procedure was applied in seven different
points of the sample and the result was averaged, see Figure 7.2. Based on these data,
the hardness of the Bi-2212 phase was deduced along the above mentioned
crystallographic directions, Figure 7.3. Also, based on the same data, other properties
were calculated and presented in Table 7.1.

Table 7.1: Some physical parameters of Bi-2212 phase, derived from the loadunload cycle of a lOmN maximum applied force
Bi-2212
F_L(a,b)
Fl (a,b)

Hm
[GPa]
3.78
0.78

H

ve

[HV eq]
347
72

E/(l-v2)
[GPa]
46.3
15.4
125

<7vc

[MPa]
1987
328

A

l

[nm/mN]
12.27
16.33

Ie

[nJ]
1.08
2.81

Figure 7.2: The loading force versus penetration into a Bi-2212 crystal, with the
force perpendicular and parallel to (a,b) plane

In the above table Hm is the hardness at maximum load, Hve is the equivalent
Vickers hardness, E is the Young’s modulus of elasticity, v is Poisson’s ratio, aye is the
yield strength in compression, Al is the elastic recovery rate and Ie is the irrecoverable
energy lost during the load-unload cycle which was spent for plastic deformation. The
data presented in the above table shows that the hardness at maximum depth for a Bi2212 crystal, with the force is applied perpendicular to the (a,b) plane, is almost five
times larger than the hardness measured with the force parallel to the (a,b) plane. Also,
the magnitude of the compression yield strength between the case when the applied
force is perpendicular to the (a,b) plane, and when the force is
approximately six times larger.
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Figure 7.3: The hardness versus penetration into a Bi-2212 crystal, with the
loading force perpendicular and parallel to (a,b) plane

The value of hardness determined previously on Bi-2212 crystal was carried out only
with the applied force perpendicular to the (a,b) plane, and was reported between 0.82.5GPa [8]. This wide range of variation was probably due to the method used.

7.2.

X-ray Diffraction

Crystals of Bi-2212, grown as described in Section 4.2.2, were investigated by X-ray
diffraction.
In the first set of experiments, a large crystal (4xllx0.05mm) was cleaved from the
boule and aligned on a powder goniometer with the cleavage plane level with the
reflection plane of the diffractometer. This experiment was intended to confirm that the
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cleavage plane is identical with the (ci,b) plane and also to investigate a possible mosaic
effect relative to this crystallographic plane. The result shows that only the (001)
reflections are present. This confirms the well known fact that for Bi-2212 crystals, the
cleavage plane is identical with the (a,b) crystallographic plane. The full width at half
maximum (FWHM) of the strongest reflection (008) is -0.7°, which gives a
missorientation angle of -0.35°.
In the second set of experiments, two Bi-2212 crystals were heat treated in oxygen
and nitrogen, respectively, at 500°C for 8h. Each crystal was then crushed into a fine
powder, by hand, in an agate mortar. Due to the fact that the amount of resultant powder
was small, the X-ray investigation was carried out using the Debye-Sherrer technique,
and the familiar intensity versus 20 scan was derived from the Debye-Sherrer spectrum,
as described in Section 5.1.2. This set of experiments was part of the investigation
which aimed at finding answers to the questions relating oxygen uptake and release
from Bi-2212 lattice. The derived intensity versus 20 scans for the crystals annealed in
oxygen, and nitrogen are presented in Figure 7.4 and 7.5 respectively. The observed
patterns were fitted using the Pseudo-Vioght function and the centroid of each peak was
determined in d-spacing. With these values the unit cell parameters were refined using
Rietvield analyses, assuming an orthorhombic structure. For the crystal annealed in
oxygen, the refined unit cell parameters are: a = 5.396A, b = 5.421 A, c = 30.62A. For
o

the nitrogen annealed crystal, the refined unit cell parameters are: a = 5.403A, b —
5.420A, c = 30.919A. This revealed the fact that the extra oxygen incorporated into the
Bi-2212 structure led to a small expansion of the unit cell along the c crystallographic
direction, whilst the a and b dimensions remained virtually unchanged.
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3500

Oxygen annealed

3000-

Figure 7.4: Converted D-S X-ray scan for a Bi-2212 crystal annealed in oxygen
and ground. Below is the corresponding calculated pattern

Figure 7.5: Converted D-S X-ray scan for a Bi-2212 crystal annealed in nitrogen
and ground. Below is the corresponding calculated pattern
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In the above figures are also presented the calculated patterns. This was achieved
based on a least square refinement of the atomic co-ordinates, which initially were
assumed to satisfy an orthorhombic symmetry, within Fmmm space group.
The refinement of each atom position was carried out for each X-ray scan until the
resultant calculated pattern matched the observed one. This match is good except for the
low intensity peaks, due to the limited sensitivity of the film. Also, the intensities of the
main reflection peaks are not the true ones due to an unavoidable texturing effect of the
highly anisotropic Bi-2212 crystallites. The initial co-ordinates of atoms were
established based on the stmcture presented in Figure 7.6, and the geometrical
constrains imposed by each atomic site within the Fmmm space group.
The oxygen atom which is the most susceptible to be removed from the lattice is the
one which has the longest atomic bond with a metallic atom. The candidates are the 02
(Cu-02 « 2.1 A) and 03 (Bi-03 « 3A) [9] atoms. However, the 02 atom was ruled out
because its removal would lead to a shrinkage along the c axes, which is contrary of
what was observed when the sample was annealed in nitrogen.
On the other hand, the removal of 0 3 or 04, would lead to an increase in the c axes,
compatible with observation. The refined atomic co-ordinates are presented in Table 7.2
and Table 7.3.
In the above tables, W is the Wyckoff position and BiS0 is the isotropic thermal
parameter. In order to comply with the observed X-ray patterns for oxygen and
nitrogen-annealed crystals, the Bi site was split ( Bil, and Bi2), with different
occupancy, with a displacement of the Bi2 site. In this way the displacement of the Bi
atoms could account for the modulation of the structure, observed in TEM selected area
diffraction patterns, see Section 7.4.
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Figure 7.6: The orthorhombic crystallographic structure of Bi-2212. The numbers
refer to O l, 0 2 , 0 3 and 0 4

Table 7.2: The refined atom positions for a Bi-2212 crystal annealed in oxygen
Atom
B il
Bi2
Sr
Ca
Cu
Ol
02
03
04

W
81
81
81
4a
81
16n
81
81
16n

X

y

0
0
0
0
0
0.5
0
0
0.5

0
0
0
0
0
0
0
0
0
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z
0.302
0.2679
0.1093
0
0.442
0.445
0.375
0.205
0.22

Biso

4.2
2
2.9
1.8
2
0.5
0.5
5.4
9.6

Occupancy
0.85
0.15
1
1
1
1
1
1
0.06

Table 7.3: The refined atom positions for a Bi-2212 crystal annealed in nitrogen
Atom
B il
Bi2
Sr
Ca
Cu
01
02
03
04

W
81
81
81
4a
81
16n
81
81
16n

X

0
0
0
0
0
0.5
0
0
0.5

____ y

0
0
0
0
0
0
0
0
0

z
0.303
0.288
0.1093
0
0.442
0.445
0.375
0.205
0.24

Biso
4.2
2
2.9
1.8
2
0.5
0.5
5.4
9.6

Occupancy
0.95
0.05
1
1
1
1
1
1
0.03

Also, on geometric considerations, the 16n position can accommodate four extra
oxygen atoms per unit cell and 1/4 occupancy of this site would correspond to a total of
nine oxygen atoms per unit cell. This in return would imply that the equivalent copper
valence is Cu+3. In our case, the 0 4 site has an occupancy of 0.06 for oxygen- and 0.03
for nitrogen-annealed crystals. In this way, the mechanism of oxygen penetration into
the Bi-2212 structure could be the interstitial 0 4 , which would cause a displacement of
Bi atoms and consequently the shrinkage of the c axes, contrary to what was observed.

7.3.

Chemical Composition by Electron Dispersive Spectroscopy (EDS)

The composition of Bi-2212 as-grown crystals, fabricated as described in Section
4.2.2, was determined by EDS, as described in Section 5.2.1 and the EDS spectrum is
presented in Figure 7.7. The quantitative analyses was performed at 10 positions, see
Table 7.4, with the electron beam perpendicular to the (a,b) plane of the crystal, and the
result was averaged.
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Energy [keV]

Figure 7.7: EDS spectrum for a Bi-2212 as grown crystal

Table 7.4: The results of ten EDS quantitative analyses for a Bi-2212 crystal
Analyses
1
2
3
4
5
6
7
8
9
10
Average

Bi
2.1
2.09
2.12
2.13
2.12
2.12
2.1
2.11
2.1
2.11
2.11

Sr
2.01
2.04
2.02
2.03
1.99
2.02
2.03
2.04
2.01
2.01
2.02

Ca
0.82
0.8
0.81
0.79
0.79
0.8
0.79
0.79
0.8
0.81
0.8

Cu
1.98
1.99
1.98
1.99
2.01
1.99
2.01
1.98
1.99
1.98
1.99

The above analyses for Bi-2212 crystal, indicates an average cation composition of
Bi2.11Sr2.02Ca0.8Cu1.99Oy This investigation was carried out on several other Bi-2212
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crystals, with similar results. As mentioned in Section 4.2.1, the crystals were grown in
an alumina ampoule, but no trace of A1 was detected in the crystals.

7.4.

Transmission Electron Microscopy (TEM)

A Bi-2212 crystal, grown as described in Section 4.2.2 and prepared for TEM
observation as described in Section 5.2.2, was examined in diffraction mode and in
transmission mode.
In Figure 7.8 is presented the [001] selected area diffraction pattern (SAD), in which
a superstructure is revealed along the a crystallographic direction. The satellite
reflections could be generated by the above mentioned displacement of Bi atoms from
their ideal position. From the diffraction pattern, the dimension of the (a,b) plane of the
unit cell is a = 5.39A, and b = 5.4A, which is in good agreement with X-ray indexing
result.
In transmission mode, some stalking faults were observed, Figure 7.9, but the
examined crystal was almost free of dislocations.

7.5.

Atomic Force Microscopy (AFM)

The surface of a Bi-2212 crystal, grown as described in section 4.2.2, was
investigated by atomic force microscopy (AFM) as described in Section 5.3. The
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purpose of this investigation was to gain insight into the topographic details of the (a,b)
plane, such as growth steps, cleavage fracture steps, etc.
The layered structure of this compound is clearly seen when it is cleaved. In Figure
7.10 is presented a top view of a cleavage plane, which corresponds to the (a,b)
crystallographic plane; a fracture plane is visible at the top of the figure. The small
humps on the surface of the sample represent moisture, the sample being kept after
cleavage in the laboratory atmosphere for some time.
In Figure 7.11 is presented a zoom-in view of the fracture plane, in which can be
seen that the fractured macroscopic layer is build up of a number of thinner layers, all
having apparently the same relative orientation.
In Figure 7.12 is presented a top view, looking down the (001) direction, of a free
surface, in which details of equal height growth steps can be seen. The height of the
steps is in the range of 10-20nm, and represent approximately 2-4 unit cells.
An interesting feature was observed in some regions of a freshly cleaved surface,
Figure 7.13, resembling an etch-like pattern, having a depth of approximately 4-6nm.
The origin of this behaviour is not known, but we speculate that this could be caused by
pre-existing stress in the structure, possibly due to a non-uniform oxygen distribution.
This aspect is yet to be correlated with the oxygen content of the sample, and the
orientation of the fracture plane, before a definite conclusion can be drawn.
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Figure 7.8: The [001] selected area diffraction pattern of a Bi-2212 crystal

Figure 7.9: Stalking faults in Bi-2212 crystal (as grown)
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Figure 7.10: AFM top view of a cleavage plane, containing a fracture plane

Figure 7.11: Detail of the fracture plane
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Figure 7.13: Etch-like pattern on a freshly cleaved plane of a Bi-2212 crystal
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7.6.

Orientation of the Bi-2212 Crystals During Growth

The orientation of the Bi-2212 crystals, grown as described in Section 4.2.2, was
determined using electron back scattered patterns (EBSP), generated on SEM, as
described in Section 5.2.3. This investigation was carried out in order to answer to the
question “what is the appropriate size of Bi-2212 crystals grown by this particular
method, which can be used latter for electric and magnetic characterisation ?”.
The orientation of the crystals relative to the grown boule is presented schematically
in Figure 7.14. The orientation analyses, carried out on 6 crystals situated in different
parts of the boule, showed that the misorientation of their crystallographic directions a,
b, and c is 0 = (5-15)°.
In Figure 7.15 is presented a typical EBSP, taken with the electron beam
perpendicular to the cleavage plane. The pattern was indexed based on an orthorhombic
symmetry, in space group Fmmm.
The missorientation angle between crystals located in different parts of the boule,
was determined in the following way: a short piece was cut off the boule, and cleaved,
the orientation of the cleavage plane was determined by EBSP and then the sample was
imbedded in cold mounting resin. The mounted sample was polished, with the polishing
plane being maintained parallel to the cleavage plane. After each ~0.4mm of the sample
was polished off, an orientation measurement of the polishing plane was taken and
related to the orientation of the cleavage plane. The misorientation between a pair of
crystals was determined by calculating the direction cosines u, v, w of them. These
represent the crystallographic directions about which the two crystals are rotated with
the angle 0.
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Figure 7.14: Schematic orientation of the Bi-2212 crystals relative to the grown
boule

F ig u re 7.15: In d ex ed E B SP of the cleavage plane of a Bi-2212 crystal (as grow n)
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The above analyses shows that in order to select high quality Bi-2212 crystals for
characterisation measurements, it is necessary to reduce their size along the c axis to less
than 0.1-0.2mm. In this way, the c axis misorientation is not detectable, and it can be
assumed that the broad faces of such crystals represent he same (a,b) plane.

7.7.

Oxygen Absorption into Bi-2212 Crystals

The oxygen absorption into a Bi-2212 crystals, prepared as described in section
4.2.2, was investigated by thermo-gravimetry (TG). In order to determine the oxygen
content by TG, it was assumed that the structure was stable over the entire temperature
range used in the heat treatment and that the cation ratio remained constant. This
assumption is based on the observation that after a thermal cycle which consists of
heating up to 550°C and cooling down, the Bi-2212 crystal did not changed its cation
ratio when treated in oxygen or nitrogen. A weighted sample was first heated in nitrogen
up to 550°C, held for 5h and cooled down in a nitrogen atmosphere. This heating step
aimed at removing the contaminants adsorbed onto the surface of Bi-2212 crystals.
Then, without exposure to ambient atmosphere, the crystal sample was re-heated in
oxygen up to 550°C, held for 5h and cooled down. During this step, the sample was
oxygenated. Without exposure to the ambient atmosphere, the crystal was again heated
in a nitrogen atmosphere up to 550°C, held for 5h and cooled down. Finally, the cycle
oxygen-anneal nitrogen-anneal, was repeated once more. The result is presented in
Figure 7.16. The annealing time was limited to 5h because by this time, the weight gain
or loss of the experimental sample was stable. Assuming that 5h annealing time was
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enough for the full oxygenation of a crystal of 52.3pm thick, this information will be
used later in the case of Bi-2212 tapes as a basis for choosing the duration of annealing
steps of the heat treatment, according with the thickness of the tape core.
The annealing experiment shows that the amount of oxygen uptake during the
oxygenating step, is equal to the amount of oxygen loss during the nitrogen annealing
step, within the experimental error. This amount is approximately 0.22% of the total
weight of the crystal and considering the crystallographic structure of the 2212 phase,
this is equal to approximately 0.104 oxygen atoms per unit formula. According to other
research [10], this is the amount of oxygen required to reduce Cu+3 to Cu+2 in Bi-2212.

Figure 7.16: Weight loss/gain of a Bi-2212 crystal annealed in oxygen and
nitrogen at 550°C for 5h

This is supported by the observation that in the X-ray scans of oxygen-annealed and
nitrogen-annealed crystals, the occupancy of 03, which is co-ordinated by the Cu atoms,
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is decreasing from 0.92 to 0.9 (see section 7.2). The 03 atom resides in the basal plane
of the square pyramid and therefore the Cu-0 plane is the most influenced by the
oxygen variation.

7.8.

Hole Concentration of Bi-2212 Crystals

The hole concentration of Bi-2212 crystals was determined from the valence of
copper, which can be related to the total oxygen content per unit cell. This was based on
the assumption that the holes are uniformly distributed between the two Cu-0 planes
and also based on the fact [n ] that the Bi-0 planes are insulating and therefore the holes
must reside in the O 2p orbitals of the Cu-0 planes, which in turn means that the density
of holes per Cu-O plane is equal to the average valence of copper ions. The average
valence of copper is given by the proportion of the two different oxidation states, Cu
and Cu3+ of the copper ion. If the valence of copper is 2, the electronic configuration is
d9 and therefore there are no free carriers in the Cu-O plane, and the material in this case
is a Mott type insulator. Under these circumstances, the deviation of the average valence
of copper from the value of 2, can be regarded as the hole concentration.
The total oxygen content of a crystal, prepared as described in Section 4.2.2, was
determined by TG and wet chemical analyses.
A weighed crystal sample was heat treated following a heat treatment cycle, which
consisted of heating up to 550°C, holding for 5h and cooling down. The atmosphere was
maintained the same over an entire cycle, but was changed between the cycles as
follows: nitrogen then hydrogen; oxygen then hydrogen.
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The weight loss was measured during each H2 reduction step and represents the total
amount of oxygen in the sample. The result is presented in Figure 7.17.
For the sample annealed in nitrogen, the absolute weight loss is 14.569%, which
represents 8.11 oxygen atoms per unit cell. For the sample annealed in oxygen, the
absolute weight loss is 14.802%, which represents 8.26 oxygen atoms per unit cell.
In section 7.7 it was shown that when a Bi-2212 crystal was annealed in oxygen and
then in nitrogen, the weight gain and loss, respectively, was the same, approximately
0.22%. This represent the amount of oxygen necessary to reduce Cu3+ to Cu2+. In this
experiment when the crystal was annealed in oxygen-hydrogen and nitrogen-hydrogen,
the total weight variation is different, and it represents the total amount of oxygen
present in the crystal. The difference in weight loss between this two samples annealed
in oxygen and nitrogen is 0.233%, which is in good agreement with the value of the
weight loss obtained previously.
The accuracy of this method is dictated by the sensitivity of the TG balance, the
signal-to-noise ratio and the ability to pinpoint the temperature where the reduction
reaction starts and ends.
A more accurate method of determining the oxygen content is wet chemical analyses.
This method consist of dissolving two weighed Bi-2212 samples Wi, and W2, in HC1
separately and adding KI. After dissolving Bi-2212 in HC1, a number of cations will be
freed into solution: Bi5+, Bi3+, Sr2+, Ca2+, Cu3+ and Cu2+. Out of these cations, only Bi,
and Cu have mixed valences. By adding KI, the following reactions take place.
Bi5+ + 2I1' —> Bi3+ + 12
Cu3+ + 3I1" -> Cul + I2
Cu2+ + 2I1’ -» Cul + 12
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Figure 7.17: Hydrogen reduction cycle for two Bi-2212 crystals, pre-annealed in
oxygen and nitrogen at 550°C for 5h, and then de-composed in
hydrogen

The equivalence point against Bi5+ + Cu3+ + Cu2+, is determined by titration with
Na2S2C>3.
In order to reduce the number of titrations, it was assume that bismuth ion is present
in solution only as Bi3+. This is does not introduce a big error since the Bi

ion is

unlikely to be present in Bi-2212 [12,13].
The formal valence of the copper ion can be written as Cu2+P, in order to account for
the presence of both Cu3+ and Cu2+ ions. In this case, the following reaction takes place.
Cu2+P + (2+p)l‘‘

C u ll + (l+p)/2

h

The resultant iodine is titrated, following the reaction:
I2 + 2 Na2S2 0 3 —^ 2 Nal + Na2S406
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The weighed Bi-2212 crystals Wi = 4.5mg and W2 = 11.6mg, were dissolved
separately into 6mol/l HC1 solution, at room temperature and the solutions were stirred
with high purity Ar gas. After the crystals were dissolved completely, a solution of lOg
KI into 20ml distillate water was added to each dissolved crystal solution, while being
stirred with Ar gas. As an indicator for titration, 5mg of (C6Hio05)n was added to each
solution, and the Ar gas stirring continued for another 5min. The two solutions
containing the dissolved crystals, were titrated with a solution of l/100mol/l Na2S203,
with the volumes Vi= 1.6ml and V2= 3.1ml respectively.
The formal copper valence is given by: (2 + p) =

v2 /w2

1 =2.33. This means that

an amount of 0.33 Cu3+ resides per unit cell, and therefore the oxygen content is 8.16
per unit cell of Bi-2212, with cation ratios Bi:Sr:Ca:Cu=2.11:2.02:0.8:1.99.This value is
in good agreement with the result of TG measurement, 8.26 oxygen atoms per unit cell,
the difference being caused by the bigger uncertainty in determining the onset and the
end of the weight loss.
Based on this

analyses,

the correct unit formula of Bi-2212 crystal is

•Bi2.11Sr2 02Ga0.8Gu199O8.i6 and the total number of holes per copper ion is p —0.33.

7.9.

AC Susceptibility of Bi-2212 Crystals

The ac susceptibility of Bi-2212 crystals, grown as described in Section 4.2.2, was
measured as described in Section 5.8.1. The sample was a 0.68mg slab-like shape, with
the following dimensions: 3.2mm long, 2.8mm wide and 0.02mm thick.
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The purpose of this measurement was to determine the superconducting transition
temperature (Tc) and to have a qualitative view of the hysteretic ac loss for crystals
annealed, respectively, in oxygen, air and nitrogen, at 550°C for 5h, Figure 7.18. In this
figure, the scale for %’ and %” of oxygen and air annealed samples is displayed on the
left and the scale for %’ and %” of nitrogen annealed sample is displayed on the right.
For the sample annealed in oxygen, both components of the fundamental
susceptibility,

the real part and

the imaginary part, exhibit sharp variations

around the Tc of the sample, with the width of the transition AT=2.5K.
This is a good indication of the sample quality in terms of superconducting
properties. The transition temperature was determined from the real component, as
being the mid-point between the 10% and 90% of the transition.
For the oxygen-annealed sample, the transition temperature was TC=88.7K. The onset
of the transition occurs at Tc ons~91K and the transition is complete at Tco ~85K.
For the air-annealed sample, the transition was wider, AT =18.5K. The transition
temperature Tc= 75.3K, with the onset of the transition, TCOns~81K and Tco~58K.
For the nitrogen-annealed sample, the transition was wider still, AT—25K. The Tc was
approximately 72K and the onset of the transition TCOns=77K. In this case, the transition
is completed at Tco =55K. These values are summarised in Table 7.5.

Table 7.5: The values of Tc, AT and Tc0 for a Bi-2212 crystal annealed in oxygen, air
and nitrogen at 550°C for 5h
AT [K]
Too [ K ]
T c [K ]
Atmosphere
Tcons [ K ]
2.5
85
88.7
91
Oxvgen
19
58
75.3
85
Air
23
55
72
78
Nitrogen
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Figure 7.18: Fundamental susceptibilities (%’ and %” ) for a Bi-2212 crystal
annealed in flowing oxygen, air and nitrogen at 550°C for 5h

Based on the conclusions of the Bean critical state model and the Kim-Anderson
model, the %” peaks can be ascribed to the intragrain ac loss [14, 15, 16, 17] . In this case,
the characteristic temperature Tp corresponding to the %” peak represents the
temperature at which the ac field Hac starts to be expelled from the centre of the sample,
and it corresponds to a point where the

curve displays the maximum slope.

For the air annealed sample it can be seen in the figure that Tp has shifted towards
lower values of temperature. Also for this sample, the %” peak has broadened. This
suggests that annealing in air introduces some additional pinning centres, which is
supported by the XRD analyses showing the likeliness that some oxygen atoms have
been removed from the 0 4 site, as indicated in Section 7.2.
After the sample was annealed in nitrogen, it displays three ac loss peaks, as shown
in Figure 7.19. This behaviour could be caused by a selective oxygen depletion, as
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suggested in Section 7.2 and will be considered in detail in the next Section. It should be
pointed out that the annealing time used (5h) was selected based on the information
obtained during the oxygen- and nitrogen-annealing experiments, where for a crystal of
similar dimensions with the one used in the ac susceptibility, the weight loss during
nitrogen-annealing levelled off after approximately 5h. This leads to the conclusion that
the oxygen diffusion rate through the Bi-2212 phase is not constant and that an oxygen
gradient is very likely to be form.
From superconducting point of view, the case of nitrogen annealed crystal mimics a
polycrystalline behaviour and could explain the additional %” ac loss peaks as the
coupling between layers with “strong” superconductivity, separated by layers with
“weak” superconductivity.
The real part of the ac susceptibility

which represents the diamagnetic shielding,

and is related to the volume of the superconductive phase, has changed very little in
response to air annealing as compared to oxygen annealing. In contrast, for the nitrogen
annealing case, the value of %’ has decreased approximately two orders of magnitude.
In the case of the nitrogen annealed sample, an external dc field was applied
perpendicular to the (a,b) plane of the crystal, having an intensity of Ha= 100, 500,
1000, 5000, 10000 and 30000 Oe, Figure 7.20. When the applied dc field is increased,
the peaks displayed by the out-of-phase component %” of the susceptibility for zero
applied dc field, merge into a single peak. In the same time, the steps displayed by the
in-phase component are eliminated and a single transition is obtained for applied dc
fields higher than approximately 100-1500e This behaviour could be interpreted as the
penetration of the magnetic flux lines into the superconductor, first via the

weak

superconductivity” layers which are more oxygen-depleted and above a certain field
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strength,

the

superconductive

transition

takes

place

only

in

the

“strong

superconductivity” layers. The field-dependencies of the temperatures of the peak of
%” (T,Ha) signals, Tp, are presented in Figure 7.21, for the same sample annealed in
oxygen, air and nitrogen, respectively. Due to the different Tc of the sample after each
annealing run, in the above figure the x ” peak temperatures were normalised with
respect to Tc. The curves appear similar to the irreversibility lines determine from
magnetic moment measurement. Regarding this figure, it should be pointed out that this
is not the so called irreversibility line, which is define by the irreversibility temperature
Tin-, and irreversibility field Bin-. According to the Ambegaokar-Halperin model for a
conventional Josepson junction [ ], the state of zero resistivity is realised at Tin-.For
temperatures T<Tin-, a dissipative state may be created via one of the two dissipation
mechanisms:
- thermal fluctuations, when the dissipation originates from the superconducting
fluctuations of the order parameter \j/;
- Lorenz force, when the dissipation originates from the interaction between the
flux lines, and the carriers.
On the other hand, the temperature Tp of the %” peak represents the temperature of
full penetration, where the dissipation is maximum under the experimental conditions,
and therefore T p<Tjn<Tc. However, for comparison purposes only, the similarity
between the Tp line, and the irreversibility line could be used to suggests that the onset
temperature for flux pinning is higher when the sample was annealed in nitrogen than
when it was annealed in oxygen, or air.
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Figure 7.19: Fundam ental susceptibilities (%’, %” ) for a Bi-2212 crystal
annealed in flowing nitrogen at 550°C for 5h
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Figure 7.20: The evolution of fundamental susceptibilities (%’ and %” ) in a dc field
applied perpendicular to the (a,b) plane of a Bi-2212 crystal annealed
in flowing nitrogen at 550°C for 5h
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Bi-2212 crystal

Figure 7.21: The variation of %” (T,Ha) peak in a dc field applied perpendicular
to the (<a,b ) plane of a Bi-2212 crystal annealed in oxygen, air and
nitrogen at 550°C for 5h. The temperatures were normalised to
the particular transition temperature of the crystal after each
annealing

This could be regarded as a proof that oxygen vacancies created during nitrogen
annealing may offer a way to enhance the flux pinning.

7.10.

Dependence of Magnetic Critical Current Density in the (<a,b ) Plane on
Annealing Atmosphere

Magnetic critical current density in the (a,b) plane (Jc,abm ) of a Bi-2212 crystal grown
as described in Section 4.2.2, was calculated based on a modified Bean critical state
model from the magnetic hysteresis loops, measured as described in Section 5.8.2 with a
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5T SQUID magnetometer. The scan length used was 2cm and the temperature was
stabilised within ±0.02K prior to the measurement.
In order to observe and measure the variation of Jc, ab

m

in a Bi-2212 crystal due to the

removal of some oxygen atoms when heat treated in nitrogen, the entire experiment was
designed to be carried out on the same sample. A carefully chosen, as grown crystal was
cut into a slab shape with a microcutting device, yielding the following dimensions:
width (a) 1.25mm, length (b) 2.38mm and thickness (c) 0.04mm. The sample edges
were examined by optical microscopy and found to be free of cutting debris. The sample
was annealed in oxygen at 550°C for 5h and the hysteresis loop measurements were
carried out at 5K, 8K, 10K, 20K and 30K, with the applied field Ha parallel to c axes,
between 0-5T. Then, the same sample was annealed in nitrogen at 550°C for 5h, and a
new series of hysteresis loop measurements were carried out under the same conditions.
The combined results for 5K are presented in Figure 7.22.

2212 single crystal, T=5K

Figure 7.22: Hysteresis loops at 5K for a Bi-2212 crystal annealed in flowing
oxygen and nitrogen at 550°C for 5h. The applied field was
perpendicular to the (a,b) plane
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The decrease of the hysteresis loop area for the nitrogen annealed sample as compared
to the oxygen annealed sample was observed at all other temperatures: 8K, 10K, 20K
and 30K.
The magnetic critical current density in the (a,b) plane, Jc ab M was calculated based
on the critical state formula: JcabM

20AM

see Section 5.8.2, where Jc ab M is in

<2 ( 1 [A/cm2], AM is the width of the hysteresis loop at a particular field, in [emu/cm3], a is
the width and b is the length of the sample, both in [cm].
The J c ab

m

dependence on the applied field, and temperature is presented in Figure

7.23.

B i-2 2 1 2 crystal

Figure 7.23: The dependence of the magnetic critical current density in the ( )
plane (Jc a b m ) on the applied field (Ha) and temperature, for a Bi2212 crystal annealed in flowing oxygen and nitrogen at 550°C for 5h
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The Jc,ab m dependence on the applied field is not linear. For the same annealing
atmosphere, the decrease is more pronounced below IT. This could be interpreted as the
presence of some weak links, which in the case of Bi-2212 crystals may be the plane
which separates adjacent unit cells. In this hypotheses, in small fields, there could be a
weak interaction between vortices created in adjacent unit cell layers or in the Cu-0
layers. As the field is increased, this coupling is destroyed and the dimensionally of the
system is reduced, see Section 5.8.2.
As the consequence of nitrogen annealing and the decrease of hysteresis loop area
relative to the case when the same sample was annealed in oxygen, the value of Jc,abM,
has decreased too. For example, at 5K in zero dc field, Jc,abM has decreased from
1.29xl06A/cm2 for the oxygen annealed to 0.69xl06A/cm2 for the nitrogen annealed
case, which represents a drop of 53.5%. This drop is less pronounced in high fields. For
example, at 5K in a dc field Fta = 4.5T, Jc,abM has decreased from 0.47xl06A/cm2 for
oxygen annealing to 0.14xl06A/cm2 for nitrogen annealing case, which represents a
drop of only 29.7%.

7.11. The Interpretation of ac Susceptibility and dc Magnetisation Results for O2N2 Annealed Crystal

The results of ac susceptibility and dc magnetisation measurements performed on the
same Bi-2212 crystal annealed in oxygen and nitrogen could be summarised as follows.
- ac susceptibility:
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• oxygen annealing: a sharp superconducting transition in zero dc field, with
TC=88.7K, the onset Tc ons=91K and the end of transition Tc0=85K
• nitrogen annealing: a superconducting transition which displays a number of
coupling

peaks in zero dc field, with TC=72K, the onset of the transition

Tc

ons=78K and the end of transition Tco=55K. As the applied dc field is increased
above 5000e, the %” peaks merge into a single peak
- dc magnetisation: in the temperature interval 5-40K, the hysteresis loops of a crystal
annealed in oxygen is larger than the corresponding hysteresis loops of the same crystal
annealed in nitrogen.
In order to explain these findings we have to recall that for a superconductor, there is
a temperature where the spontaneously created pairs vortex-antivortex will break down
into individual free vortices, called the Kosterlitz-Thouless temperature, T kt* Also, there
is a temperature where the diamagnetic signal vanishes (at HC2=0), called the mean field
transition temperature, Tmf. It was argued in a number of papers that the Tkt can be
identified with the zero transition temperature Tco and the Tmf can be identified with the
onset temperature Tcons [19,20,21,22].
On the other hand, in a layered superconductor such as Bi-2212, according to
Lawrence and Doniach [23], when the thickness of the superconducting layers (d) is
small compared to the interlayer distances, (or in other words the layers are de coupled
in the sense of quasiparticle and Josephson interaction), the difference ATCC TmrTKT
depends on d [24,25]:
0)

4 s0

167U2A(Tk t )€0
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where q is the effective charge of the vortices, £q is the dielectric constant, O0 is the
magnetic flux quantum and Ais the 2D screening length. When the mean free path of
electrons (/) is small relative to the coherence length (4>), a good approximation for A is:
1-1
X \T )
A2( 0 ) 4 A m
/A (rn
A (D = 2 — 7 ^ = 2
d
l 1_A(0) tan\
J_

( 2)

where X is the London penetration depth, and À is the superconducting energy gap,
which depends on Tmf. If the equations 1, and 2 are solved for ATCC, using the
d me2
substitutions Oo=ch/2e and n2D = —^-----j* given in the above references, where c is the
a 4 Tie
velocity of electromagnetic radiation in vacuum, h is Planck’s constant, and «2d is the
re-normalised 2D electron density, the temperature T kt is:
h2
Tkt ~ 32row"2£>(TA:r)

(3)

and «2d is [26,27]:

«in

«2n

(QjC

A(T)

, ( A(T)^

(4)

^ tanhU*rJ

where C is a re-normalisation factor depending on l and 4The equation 3 can be solved geometrically, as suggested in Figure 7.24. The
solution of equation 3 shows that n2D=a/ Tkt or TKT=n2D a=n2D ATCC tga, which is
equivalent with:
ATCCoc l/n2D
On the other hand, the electron density is proportional to the critical current density
according to G-L equation 5, see Section 2.3.2, or:
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Jc^ n2D

^

T kt

Tkt Tmf

Temperature

Figure 7.24: The dependence of electron density on temperature, as in Eq. 3

In the case of nitrogen-oxygen annealing experiments described in the previous
sections, the large ATCC = 23K observed for nitrogen annealed crystal as compared to
ATCC= 4K for the oxygen annealed crystal is a consequence of a smaller n2D in the
former case. Thus, the decrease of magnetic critical current in the (a,b) plane, Jc ab m>
observed for the nitrogen annealed case can be caused by the decrease in electron
density. This is decreasing the Jc which would in turn decrease the hysteresis loop,
relative to the oxygen annealed case. It is possible that the decrease in the value of Jc
due to the decrease of the superconducting electron density to be slowed down by an
increase of pinning due to the increase of oxygen vacancies, as suggested by the ac
susceptibility result of Figure 7.20.
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7.12.

The Peak Effect in Bi-2212 Crystals Annealed in Oxygen and Nitrogen

In this section will be presented some results regarding the peak effect in Bi-2212
crystals. This effect consists of a local maximum of the hysteresis loop, as the applied
magnetic field is increased from zero up to a value H>Hc2. As a consequence, the
dependence of magnetic critical current density on the applied field, Jc M(Ha) has a local
maximum just prior to dropping to zero at Hc2 and is known as the “peak effect”.
For some crystals grown by KC1 flux method, as described in Section 4.2.1, the
hysteresis loops measured between 20-40K, with Ha parallel to c axes present a peak, as
shown in Figure 7.25. This leads to an increase in the value of Jc,ab m, via a flux pinning
enhancement mechanism. Early predictions of such mechanisms were based on the
concept, of long range ordering of the flux lines as a 3D body, called flux lattice,
introduced by Abrikosov [28] and the mutual interaction between the flux lines, and the
interaction between the flux lines and pinning centres.
29
Thus, in the “rigid FL” vision based on the work of Anderson and Kim [ ], as the
applied field Ha—»Hc2 and the flux lines are bundled closer and closer together, their
cores interact to form a rigid structure with which an enhanced flux pinning force is
associated.
In the “soft FL” vision based on the work of Dew-Hughes [30] and Pippard [ ], when
the FL becomes softer close to HC2, the fluxoids are able to rearrange themselves in such
a way as to take advantage of the available pinning sites, maximising in this way the
bulk pinning force, just prior to complete desordering of the FL at HC2- Based on these
ideas, Campbell [32] and Schultz [33] proposed the matching effect in which the FL
spacing d = (i>o/B)1/2 is “tunned” by varying Ha until its value equals a multiple or a
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submultiple of the spacing of the pinning site array. When this is realised, the pinning is
increased due to two factors: a maximum interaction fiuxoid-pin; and a minimum FL
configuration energy, because in this case the FL is not distorted. The strongest evidence
for matching effect is in the temperature independence of the peak fields.
Between these two extremes there is the “elastic FL” vision based on the work of
Labush [34], Kramer [35] and Brandt [36], in which the FL was treated in a similar way as
a crystal lattice, and its elastic constants Cn, C44, and C66 were calculated. In this case,
close to Hc2 the FL becomes entangled or amorphous or is loosing its rigidity and
deforms elastically or plastically around the pinning centers. All this possibilities are
associated with an increase of bulk pinning.
In the case of real crystals and real FL it is probable that not only one mechanism of
flux pinning enhancement is at work [37].
Unlike the Y-123 peak effect which is very common in that type of superconductor,
in the Bi-2212 case it was observed only for some crystals. In the case of Y-123, this
phenomena was explained [38] based on selective oxygen vacancies in the chains of the
crystalline structure. This creates regions with different Tc where are two kinds of pining
sites with different strength, which become active at different temperatures. The peak
occurs when all low Tc regions are driven into normal state by the applied dc field. The
main feature of this type of mechanism is the fact that the peak is temperature
dependant.
In our case, the peak appeared only between 20-40K and it seems to be always
situated between Ha= 550-650 Oe. This behaviour could be explained in the framework
39

of the above mentioned “matching effect model” [ ].
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Figure 7.25: The dependence of magnetisation on applied field for a flux grown Bi2212 crystal which display a peak around 550-6500e in the
temperature range 20-40K

Based on this model, Campbell and Evetts conclude that this effect is most
pronounced when London penetration depth has an effective value /Wf=

as given

in [40], where Xab is the value of London penetration depth in the (<a,b) plane and d is the
spacing of the Cu-0 layers in the structure. With ^ab= 3000A, (see Section 7.17) and d
=30A, 7*eff=300A.
The peak occurrence was also observed for a large crystal (9x5x0.3mm3), grown by
the temperature gradient method and annealed in oxygen at 550°C for 48h, followed by
annealing in nitrogen for lOh, but the peak is smaller, Figure 7.26. In this case, the peak
appears only at 30K and is situated between Ha=250-3500e. In addition, for this type of
crystal, the peak was fully reversible after the crystal was annealed again in flowing
oxygen for the same period of time. Based on the fact that the peak effect was reversible
in this high quality crystal, we speculate that it is probable that nitrogen annealing has
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created in the crystal a regular array of defects in the form of oxygen vacancies, which
led to the enhancement of flux pinning. When the crystal was annealed again in oxygen,
the vacancies were much reduced, or eliminated and consequently the peak disappeared.
The peak effect is a complex phenomena and it still is the subject of debate. Further
experimental and theoretical work is needed in order to clarify and fully understand it.

Figure 7.26: The dependence of magnetic moment on applied field for a Bi-2212
crystal grown by temperature gradient method (Bridgman) and
annealed in flowing oxygen at 550°C for 48h, followed by annealing
in flowing nitrogen at the same temperature for lOh

7.13.

First Penetration Field, Hci

The first penetration field is an intrinsic property of the type-II superconductors and
is defined as the value of the applied field for which the first magnetic field lines are
penetrating the superconductor. In the case of superconducting materials with a low
value of Hci and surface barriers, the value of the first penetration field can be estimated

162

from the virgin magnetisation curve and it represents the value of the applied field at
which the curve and the tangent to it in origin, begins to part away. In practice this point
is difficult to determine accurately, due to the presence of the pinning centres which
make the change in the slope of the curve very small. Due to these circumstances, it
was stated in the literature that the values of Hci could be approximated with the value
of the applied field, corresponding to the position of the peak on the virgin
magnetisation curve Hi*, which represents the full penetration field [41,42]. However, the
value of Hi depends on the size of the sample, and is always higher than the value of
Hci.
In Figure 7.27 is presented the virgin magnetisation curves, for a dc field between
zero and IT.

Figure 7.27: Virgin curves of the magnetic moment versus applied field
temperature for a Bi-2212 crystal annealed in flowing 0 2 and N2 at
5S0°C for 5h
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The measurements of Hci were carried out using the observed departure of
magnetisation from the perfect diamagnetic state mentioned above, and implemented by
Umezawa et. al. [43]. In this method, each point of magnetisation curve M(H), is
subtracted from the initial linear dependence of magnetisation on field as determined by
a least-squares fit to the low field data. This difference AM is plotted against the values
of the applied magnetic field Ha. Thus, the increase in the difference which signals the
value of Hci is more easy to identify.
In order to have a better field resolution, the measurements were carried out in
persistent mode and the field was increased in steps of 5 Oe (low field option). In this
way, when the applied field Ha<Hci, the flux creep is not an issue and the time scale of
the measurement does not influence the values of the magnetisation. The result of this
measurement carried out at 5K on the Bi-2212 crystal annealed in flowing oxygen at
550°C for 5h is presented in Figure 7.28.
In the above figure, the first six data points which appear to be on a straight line were
linear fit by the least squares method, yielding the following dependence.
Y=2.61791 x 10'8-1.75923x 10'8 X. The initial slope of the magnetisation curve was used
to calculate the demagnetising factor n = 0.28, assuming that M/H = -1/4tc(1-w).
The deviation AM from the linear behaviour of the magnetisation data presented in
the above figure, is presented in Figure 7.29. From this figure, the value of Hci- 350±5
Oe was obtained from the value of the field at which the magnetic flux lines first enters
the sample, and correcting this value for the demagnetising effects, as shown above.
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Figure 7.28: The deviation of magnetisation from the initial linear behaviour for
the 5K data presented in Fig. 27. The line is the least square fit of the
first six data points
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Figure 7.29: The deviation of magnetisation from the initial linear behaviour fo
the data presented in Figure 7.28

165

7.14. Irreversibility Field, Hirr

The irreversibility field for a Bi-2212 crystal was determined from the measurements
of the magnetisation as a function of temperature and applied field, on crystals grown as
described in Section 4.2.2. The condition of the measured crystals was as grown, oxygen
annealed and nitrogen annealed at 550°C for 5h. The temperature range was 40K-110K,
and the applied field values were 10G, 100G, 150G, 200G and 300G.
The measurement procedure was as follows: first, the measuring instrument was
demagnetised; second, the temperature was decreased to 40K; third, the desired external
field was applied; finally, the temperature was increased up to 110K and decreased back
to 40K at a rate of 0.5K/min.
The irreversibility field represents the value of the applied field for which the
shielding and trapping branches of the magnetisation versus temperature curves just
coalesced. In Figure 7.30 is presented the shielding and trapping curves for the oxygen
annealed crystal, for which the applied dc field was 10G, parallel to the c axes of the
crystal. In this case, the absolute value of magnetisation at 40K is 16.13emu/cm . After
considering the correction for demagnetisation for a prism-like shape for this particular
field orientation, the Meissner fraction is 100%. A linear extrapolation of the ZFC data
to zero magnetisation line, yields a transition temperature of Tc = 88.5K for this
particular field strength.
In Figure 7.31 is presented the dependence of the irreversibility field on temperature,
for the oxygen, and nitrogen annealing cases.
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Figure 7.30: The shielding and trapping curves for a Bi-2212 as grown crystal

Figure 7.31: The dependence of the irreversibility field on tem perature for a Bi2212 crystal annealed in flowing oxygen and nitrogen at 550 C for 5h
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The shifting of the irreversibility line for the nitrogen annealed crystal towards the
higher values of temperature for the same field strength as compared to the oxygen
annealed crystal, could be interpreted as an increase of flux pinning, as in the case of ac
susceptibility measurement of the out-of-phase peak temperature.

7.15.

Reversible Magnetisation

The reversible magnetisation was measured on a Bi-2212 crystal annealed in oxygen,
as the magnetisation versus temperature dependence on the temperature interval above
the irreversibility temperature T ^ and up to 110K, for an external field Ha of IT, 2T, 3T,
4T and 5.4T, applied parallel to the c axes, Figure 7.32.
The well known fluctuations around Tc in the bismuth system are a potential cause
for large noise in this type of measurement. Due to this, the recording of each data point
was done only after the system was allowed to stabilise for lOmin. Also, when the field
was changed, the system was allowed to stabilise for 20min.
The cross-over point on the magnetisation versus temperature curves around the
transition temperature, is caused by a field induced diamagnetism, which extends well
above the transition temperature f44]. The onset of irreversibility can also be detected by
the departure from the quasi linear behaviour of the magnetisation versus temperature
curves at low temperature. Using this criterion, the results show that for Bi-2212 phase,
in a field of 5.4T, applied parallel to the c axes, the magnetisation is reversible in a
temperature range of approximately 4K below the Tc = 9 IK.
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Figure 7.32: Reversible magnetisation versus temperature for a Bi-2212
crystal annealed in flowing oxygen at 550°C for 5h

7.16.

Ginzburg-Landau Parameter, k

In the case of Type II superconductors, the Ginzburg-Landau (GL) parameter k =
is much larger than unity, (k » 1 ) , where X is the London penetration depth and

the

coherence length of the Cooper pairs. For these type of superconductors the (GL)
equations can not be solved due to their nonliniarity, and this makes the determination
of the upper critical field ambiguous [45]. A different approach in determining the upper
critical field of a type II superconductor can be based on the Hao-Clem model.
The GL coefficient k was estimated based on the Hao-Clem (H-C) variational model
[46], for an external field Ha= l, 2, 3, 4 and 5.4T, applied perpendicular to the (a,b) plane.
For this particular field geometry, the GL parameter is denoted as kc.
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The (H-C) model is applicable in the reversible region of the magnetisation. Thus,
from the magnetisation versus temperature and field dependence data, -47tM(T,Ha), on
the temperature interval 85K< T<90K, which is above the irreversibility temperature
Tirr, and below the transition temperature Tc, pairs of data points are formed, {47tMi,Hai}, i= l, 2, 3, 4, 5 for each selected temperature.
From the implicit function M(H) given by equations (20) and (21) of reference [9]
H = H 'ft B')

(20)

-47iMv=Hv-B'

(21)

the following dimensionless fraction can be written:
-A kM
B
H
- 4 k m ' ~ b '~ I t

Assuming a value for kc, the values of B' and *j2Hc(T)ait calculated for each /. This
cycle is performed for a number of kc values and finally kc is selected in such a way as to
give the smallest deviation

d =

- V 2#c) , where V2Hc

is the average.

i
Based on the available information [47], a software was written in order to performed the
above described calculations.
The values of kc for each value of the temperature within the selected range, are
presented in Figure 7.33. As indicated in the figure, kc is temperature dependent,
increasing slowly with T and diverging around Tc. This behaviour is contrary to the
assumption made in the H-C model, that the variation of kc with temperature is small
and therefore the value of

*J2HC(T)

is the same for each data point. Also, the

prediction of (GL) theory indicates a constant value for kc near Tc.
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Figure 7.33: The temperature dependence of GL parameter kc for a Bi-2212 crystal

For further calculations, the value of kc was considered as the mean value on the
temperature interval between 85K and 90K, i. e. kc= 111.
A possible explanation for this behaviour of GL parameter could be the fact that H
C model is based on the 3-D anisotropic mean field theory, which implies k independent
of temperature. In this particular case however, the Bi-2212 crystal has a strong 2-D
behaviour due to its layered structure. In addition, the data points were chosen close to
Tc, where fluctuations play a strong role and the decoupling of the vortices is further
reinforcing the 2-D character. This also explains the departure of this result from the GL
theory, which does not take into account the fluctuations either.
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7.17.

Therm odynam ic Critical F ield , Hc

Considering the average value of kc=l 11, thermodynamic field HC(T) was determined
also from H-C theory. In Figure 7.34 is presented the dependence of

on

temperature. A linear fit to the experimental data points yields a thermodynamic field
Hc(0)=0.27x 104G. Also, a linear fit of the HC(T) data points, for temperature values
above the irreversibility temperature Tin-, to the BCS formula of Hc dependence on
48

temperature [ ]:
HIT)
W

2 “
^ J, >
f
f
T)
T)
= 1.7367 1 - — 1-0.273 1 - — -0.0949 1 - —
. Tc)
Tc)
Tc)

( 22)

yields Hc(0)=0.22xl04G, TC=92.8K and the slope dHc2ld T = -\ffll T/K at Tc. For
comparison, in the case of YBCO-123, Hc(0 )= l.lx l0 4G and dHc2ldT=-\.65 T/K [49],
and in the case of BSCCO-2223 bulk polycrystalline sample, Hc(0)=1.06xl04G and
dHc2ldT=-3.6S T/K [50]

7.18.

Upper Critical Field, HC2

The temperature dependence of the upper critical field was calculated based on G L
formula: H a {T) = kc-j2Hc(T) and the previously determined values of thermodynamic
critical field, HC(T). Due to the particular applied field geometry, Ha parallel to c axes,
the obtained values for upper critical field represents in fact the upper critical field in the
(a,b) plane. The result is presented in Figure 7.35.
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Figure 7.34: The temperature dependence of thermodynamic critical field, Hc for a
Bi-2212 crystal

Figure 7.35: The temperature dependence of the upper critical field HC2 f° r a Bi
2212 crystal
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A linear fit to the data points presented in the figure, yields Hc2(0)=43.07xl04G. The
value of HC2(0) was also obtained by assuming an isotropic superconductor [51]:
M O)

tfc2(0) = 0 .5 7 5 8 - ^ 7 ;

dH c2
dT

(24)
T

In the above equation, k\(0)/k =1.20 in the dirty limit [52] and ki(0)/k =1.26 in the
clean limit [53], TC=92.8K, as determined above (section 6.16) and \dHc2/dT\= 1.027.
With these values, HC2(0)= 65.85T in the dirty limit and Hc2(0)=69.14T in the clean
limit.
If we consider the value of Tc measured by ac susceptibility (Section 7.9), TC=91K for
an oxygen annealed crystal, the values of the upper critical field from equation 7.24 are
HC2(0)=64.57T in the dirty limit and HC2(0)=67.8T in the clean limit.
From these considerations it is clear that the assumption of an isotropic
superconductor leads to higher values for HC2For comparison, in the case of YBCO-123, HC2(0)=784T [54] and in the case of
BSCCO-2223, Hc2(0)=297T [55].

7.19.

Coherence Length,

\and London Penetration Depth, X

The coherence length in the (a,b) plane at zero absolute temperature, ^ab(O) was
calculated from relation [56] HC2(0)=(|)o/27t^2ab(0), where (¡>o=2.07xlO Gem

is the

magnetic flux quantum. Considering the HC2 values for an isotropic superconductor, the
above relation yields the following:
- for TC=92.8K,

q(0)=21.98A in the dirty limit
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£(0)=21.45A in the clean limit
- for TC=91K,

^(0)=22.2A in the dirty limit
^(0)=21.67A in the clean limit.

Considering the measured value of TC=91K and the value of Hc2=43.07T determined
with H-C model, the equation (24) yields ^ab(0)=27.18A.
The temperature variation of London penetration depth in the (a,b) plane, >iab,
emerged as a fitting parameter during the calculation of kc in the framework of H-C
model, and the result is presented in Figure 7.36.
A linear fit of the ^ab(T) data on the temperature interval 85K< T <89K, yields the
value of London penetration depth in the (a,b ) plane at zero Kelvin, Xab(0)=3033A.
Also, the penetration depth was calculated based on the GL relation V2//c(0)=/:(|)o/27t/(2,
which yields 7.ab(0)=3017A.

Figure 7.36: Temperature dependence of London penetration depth in the
(a,b) plane, Xab for a Bi-2212 crystal
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7.20.

The Effective Pinning Potential in Bi-2212 Phase

The effective pinning potential U0 of a Bi-2212 crystal annealed in flowing oxygen at
550°C for 5h, was deduced from flux creep measurement at temperatures between 4.2K,
and 40K. The measurement was carried out with an applied field Ha=10000G,
perpendicular to the (a,b) plane in the irreversible domain of magnetisation.
The procedure consisted of cooling the sample in zero field, applying the external
field which would fully penetrate the sample, and pausing briefly there to allow the
establishment of the critical regime. Then the field was switched off, and the magnetic
moment was measured after fix time intervals of 10s, 20s, 40s, 60s, 120s, 300s, 600s
and 1200s.
Based on Anderson-Kim model (see section 2.4.4), the decaying of the irreversible
component of magnetisation (Min-), should follow the relationship:
M ,„(D = M0[ l - ^ l n f ]

(25)

k'o

where

Mo is

the

irreversible

magnetisation

at

zero

absolute

temperature,

&b=1.381x 10'23J/K is the Boltzman’s constant, t is the measurement time and Uq is the
overall effective pinning energy. The (In t) dependence of irreversible magnetisation is
presented in Figure 7.37. A linear, least-squares fit to the data presented above, yields
the overall effective pinning potential Uo. The temperature dependence of Uo is
presented in Figure 7.38 and reflect the motion of the flux lines inside the
superconductor, activated by the increase of temperature. In the above figure the Uo is
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linear up to a temperature Tiin=25K, above which it diverges. This divergence
temperature could be related with the shape of the pinning potential wells.
Another interpretation of the divergence point could be based on the KosterlitzThouless transition [57]. At that particular temperature, the domain of existence of the
wave function of Cooper pairs (\|/), is extending in such a way as to include more than
one unit cell layers. The above method employed to derive the pinning potential U0
using the linear approximation expressed in equation 25 has a disadvantage in the fact
that the dependence Uo(T) obtained in this way is a monotonically increasing function of
temperature anyway (for magnetic fields large enough to ensure the sample is in the
critical state) [

]. This is explained as the result of a non-linear dependence of Uo on J,

which is characteristic for most physically reasonable potentials.
Since d MId In t °c d UoId M, the linear approximation used to derive Uo gives the
intercept of the tangent line to Uo(M) at the instantaneous value of M. As the
temperature is increased, the operating point for creep measurements shifts to larger
values of Uo and smaller values of M, causing the intercept to increase monotonically.
The controversy within the scientific community regarding the best way to derive the
pinning energy, led us to include in our discussion the method of Maley [59]. This
method takes into account the explicit dependence of Uo on the instantaneous value of
the current density J (or the difference M-Meq^Jd), but does not take into account the
dependence of Uo on M. Here M is the instantaneous magnetisation, d is the average
grain diameter and Meq is the equilibrium magnetisation, taken from the average field
increasing and field decreasing measurements for full hysteresis loops, measured up to
5T. It should be pointed out that for temperatures T « T C, the dependence Uo(M) is
week.
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Figure 7.37: The dependence of magnetic moment on (In t) for a Bi-2212 crystal
annealed in flowing oxygen at 550°C for 5h
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Figure 7.38: Temperature dependence of the overall pinning energy for a Bi
2212 crystal annealed in flowing oxygen at 500°C for 3h
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On the other hand, the definition of Meq proposed in the above method is
questionable since the hysteresis measurement is a dynamic process. However, this
method allows for improvement of Uo(T) dependence.
In order to display the U0(J) dependence, Maley’s method makes use of the rate
equation for thermally activated flux motion [60]:
d (M

Meq)
dt

Bern ^ Uo/kT
(26)

7id

where co is the attempt frequency of flux line hopping out of a potential well, a is the
hopping distance and d is the average grain diameter, which in our case was the whole
crystal d=3mm. Rearranging equation 26 gives:
Uo/k=-T In | dWUdt | + T In (coa/Ttd)

(27)

The data representing the magnetisation decay presented in figures 7.37 and 7.38, was
re-plotted according to equation 27, and the result is presented in Figure 7.39.

Figure 7.39: The m agnetisation dependence of pinning energy for a Bi-2212 crystal
annealed in flowing oxygen at 500° C for 3h
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The above figure shows that the principal effect of temperature increase is to produce
an increasing slope d U0 Id M, as the magnetisation M-Meq is decreasing.
The term: k In (Bcoa/Tid) of equation 27 was considered constant over the temperature
interval of measurement 5-30K, and the result of adding another constant, 24.8, to the
first term resulted in scaling of all data measured at different temperatures onto the same
curve, as shown in the figure. This constant 24.8= In (BcoalTul) can be used to estimate
the hopping distance of the magnetic flux lines, as well as their hopping frequency.

7.21.
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8. CHARACTERISATION OF BI-2212/Ag TAPES

8.1.

Control of the Silver / Ceramic Core Ratio

The silver/ceramic core (Ag/C) volume ratio is an important parameter of the HTSC
conductor design. The value of this ratio depends on the required characteristics of the
future conductor and for a particular design the aim is to minimise it.
It has been suggested by Tenbrink et. al. [l] that the S/C ratio could depend on the
initial packing density of the powder in the silver tube, but the authors did not follow up
their observation with additional information to clarify this problem.
The purpose of the following experiment was to determine the influence of initial
packing density of powder on the S/C ratio. The powder produced as described in
Section 4.1.2 was loaded in identical silver tubes in four different ways, as described in
Section 4.3: - 1) as loose powder, with no compacting operation; - 2) by adding the
powder in small portions, and compacting it by vibrating the tube in all three directions,
using a home-made device, having a vibrating frequency in the range of (2-20)Hz and a
vibrating amplitude in the range of (0.2-l)mm; - 3) by adding the powder in small
portions, and compacting it by using a stainless steel ram; the uniaxial pressure of
ramming was in the range (150-200)MPa; 4) by pre-compacting the powder isostatically
into a bar shape and then loading it into the tube; the isostatic pressure in this case was
~300MPa, and the cylindrical shape of the compressed powder closely fit the ID of the
silver tube.
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The core density of all four samples was measured by weighing before and after
mechanical deformation, and the silver/core ratio was measured by an image analyses
technique, on the green tape. The results are presented in Table 8.1.

Table 8.1: Ceramic core densities of Bi-2212/Ag monofilament tape, measured by
weighing before and after mechanical deformation
Packing procedure

1) Loose
2) Vibrating
3) Uniaxial pressing
4) Isostatic pre-press core

Density before
mechanical
deformation [%]
38
43
58
61

Density after
mechanical
deformation [%]
12
73
73
72

Ag/C

15.48
14.81
11.53
9.83

The results presented above show that the initial packing density of powder has little
effect on the density of the ceramic core at the end of the mechanical deformation
process. On the other hand a lower initial packing density of the powder translates into a
higher Ag/C ratio corresponding to a thicker silver sheath. It should be mentioned that
this result has been obtained using pure silver tube only, and it may change if Ag alloy
tubes are used.

8.2.

The Intergrowth Problem

The Powder-In-Tube (PIT) method for the production of high temperature
superconducting wires and tapes is a simple idea. However, due to the large number of
interdependant variables involved in this process, some features in the final product are
difficult to control. One of these features is the growth of some superconducting grains
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along unwanted directions, protruding into the silver. In the case of mono-filament tapes
this causes a strong disruption in the alignment of the adjacent grains, and in the case of
the multi-filament tapes a bridging of the filaments, and we refer to it as the
intergrowth problem . Intergrowths may be a major cause in the poor homogeneity of
electric, and magnetic properties of long PIT tapes.
In order to minimise this problem, we set out to determine some of the variables
which influencing it, and thus to understand how it occurs.
As mentioned previously in Section 4.3, the fabrication of silver tubes induces
longitudinal scratches on the inside, parallel with its generator. These scratches are
several micron in depth, and several centimetres long. In order to see if these non
uniformities are a cause of intergrowths, we produced two tape samples using: a) a
“commercial” silver tube, with scratches on the inside; and b) a silver tube in which the
non-uniformities were removed by mechanical polishing, as described in Section 4.3.
The two tape samples were fabricated in the same way, maintaining all other variables
of the process constant. The results show that in the case of (b), the number of
intergrowth events was much reduced in comparison with (a), as seen in Figure 8.1.
In order to obtain a quantitative description of the intergrowth phenomenon, we
introduced a parameter Ni, defined as the number of the intergrowth events per unit
length, measured on a longitudinal cross section of the sample. The Ni was obtained for
each of the batches (a) and (b), on five, 3.5cm long samples and the results were
averaged. Thus, for (a), N¡ = 3, and for (b), N¡ =12. These results show that one of the
causes of intergrowth is the pre-existing cracks in the Ag tube, into which the fine grains
of powder may enter during the mechanical deformation process, and can favour the
growth of the superconducting grains into the crack during the subsequent heat
185

treatment of the tape. However, the fact that the intergrowths were still present even in
the case of a carefully polished silver tube, indicates that this phenomenon has
additional causes. A possible additional cause is from cracks induced into the filled
silver tube during subsequent mechanical deformation. The formation mechanism of
these cracks is not entirely understood, but the main cause could be the distribution of
linear speed of the objects which are moving relative to each other inside the silverceramic composite, which will be called “particles”. The distribution of linear speed of
these particles across the cross-section of the silver-ceramic composite, is shown in
Figure 8.2 (a). In the cross sections A, before the deformation zone, and in cross section
C, after the deformation zone, the linear speed of the particles is the same across the
entire cross section of the composite. In the cross section B where the composite is
deformed, the speed of the particles is different for different locations in the cross
section, and their distribution could be considered linear but is different for silver and
powder particles.
For the powder and the silver particles which are in adjacent positions along the
interface, their different speed distribution, combined with the different mechanical
properties of the powder, and silver, may induce cracks on the inside of the silver tube,
perpendicular to its axis. Once such a crack is initiated, and then develops during the
deformation process, as in Figure 8.2 (b), fine powder particles can collect into it. On
the following heat treatment, this could induce the formation of intergrown crystallite
grains as described above. This explanation of the intergrowths is strengthen by the
observation of this phenomenon in a multifilamentary tape, in which one of the
filaments showed a large number of intergrown grains whilst the other filaments showed
a very low number, Figure 8.2 (c).
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Figure 8.1: The number of intergrowth events is larger when using a silver t u b e
with a rough inner surface (a), as compared to the case when the inner
surface of the silver tube was polished (b); (c) longitudinal cross
section of a multifilamentary tape showing a large n u m b e r of
intergrowths in only one filament
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Figure 8.2: The linear speed distribution of powder and silver particles across
different cross sections (a), and the possible evolution of a circular
crack during deformation (b)
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Based on the idea that the intergrowths form during the crystal growth stage when
the crystallites grow into the silver, it is difficult to explain the presence of filaments
with such a wide range of intergrowths within the same tape.
If the formation of such cracks is inherent to the deformation of the ceramicpowder/nonalloyed-silver composite, then strengthening of the silver tube from alloying
is essential.

8.3.

Control of the Silver/Ceramic Core Interface

The interface between the silver sheath and the ceramic core plays a particularly
important role in the performance of the tape. This is because the alignment of the
superconducting grains during the grain growth stage of the fabrication process is
maximum at the silver/core interface and it is determined by its smoothness.
It has been recognised that an undulating silver/core interface, colloquially known as
“sausagging”, can disrupt the grain alignment and cause a poor connectivity between
them. In the case of Bi-2212 tapes, this negative influence is even stronger than in the
case of Bi-2223 tapes due to the larger and more anisotropic grains of this phase.
The purpose of this investigation was to find a mechanical deformation procedure for
producing Bi-2212/Ag tapes, capable of providing a smooth interface. The methodology
was to determine the influence of two parameters on the interface: (I) the area of
reduction per pass and (II) the diameter of the rollers used.
The samples were prepared as described in Section 4.3, using a silver tube for which
the internal blemishes were removed by polishing. The Bi-2212 powder, produced as
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described in Section 4.1.2, having a particle size distribution in the range 0.1-10pm, was
load in the silver tube and compacted by vibration. The composite tube was then
mechanically deformed at room temperature by drawing down to 2.01mm OD, and
rolling down to a thickness of 0.15mm as described in Section 4.3.1.
In order to determine the influence of area reduction per pass on the interface quality
of the composite, three ranges of area reduction were used: (10-20)%, (20-30)%, and
(30-45)%. The results are illustrated in Figure 8.3.
During drawing, short wire samples (~20mm) were cut off after each pass and the
interface examined under the optical microscope. It is concluded that the instability of
the interface (saussaging) depends on the area reduction per pass, and it appears below a
particular critical diameter of the wire. The results are summarised in Table 8.2.
The result presented in the above table shows that in order to avoid interface
instability during drawing, it is necessary to adopt a low reduction rate, or to combine a
high reduction rate in the early stages of deformation with a lower reduction rate in the
latter stages. For example, an efficient reduction schedule for drawing a 10mm diameter
silver tube down to a 2mm diameter wire, is presented in Table 8.3.
The influence of the area reduction rate per pass on the silver/core interface during flat
rolling was also investigated. The samples used were a 2.01mm OD wire and a 6.65mm
OD wire drawn as described previously, with a smooth interface. The investigation was
carried out on two separate rolling mills with different diameter of the rollers, 55mm
and 234mm respectively, but operated at the same tangential speed of ~6cm/s. The
results are presented in Table 8.4 and illustrated in Figure 8.4.
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Table 8.2: The diameter of the wire (DO for which the first instability of the interface
appears during drawing
Area reduction per pass
10-20%
20-30%
<2
~2.5

<10%
<2

Di [mm]

30-45%
~3

Table 8.3: The die sequence for reducing a 10mm OD silver tube down to a 2mm
diameter wire
30-45% Area Reduction
Die
Effective
Diameter
Area Red.
[mm]
[%]
10—>8.51
8.51—>6.65
6.65—>5.23
5.23—>4.01

27.6
38.93
38.14
41.17

20-30% Area Reduction
Die
Effective
Diameter
Area Red.
[mm]
[%]

10-20% Area Reduction
Die
Effective
Diameter
Area
[mm]
Red.
[%]

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

4.01—>3.48
3.48—>2.96

24.68
27.65

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2.96—>2.77
2.77—>2.52
2.52—>2.303
2.303—>2.15
2.15—>2.01

12.4
17.25
16.5
12.85
12.6

Table 8.4: The thickness of the tape (tj) for which the first instability of the interface
appears during flat rolling on 55mm and 234mm diameter rolling mills
Roller Diam./ti
55 mm/ tj [mm]
234mm/ f [mm]

<10%
0.3
0.08

Area Reduct ion Per Pass
20-30%
10-20%
2.2
0.6
0.39
0.15
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30-45%
2.55
0.81

250|im

250pm
Figure 8.3: The interface of Bi-2212 round wire after drawing with an area
reduction per pass of 10-20% (a); 20-30% (b); and 30-45 % (c)
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100pm
(a)

1OOpm
(b)

Figure 8.4: Cross section Image of the silver/core Interface for a 0.15mm thick Bi2212/Ag tape, flat rolled with less than 10% reduction per pass, on the
55mm mill (a) and on the 234mm mill (b)
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The result shows that flat rolling on a mill with small diameter rollers generates the
interface instability comparable to that produced by large-reduction drawing. By
increasing the roller diameter to 234mm, the thickness f for which interface instability
appears for the first time is much reduced. Thus, it was possible to obtain a smooth
interface in a tape of 0.08mm thickness.
In conclusion, mechanical deformation of the silver-ceramic composite should be
carried out using variable reduction rates during drawing and large diameter rollers
during flat rolling. Furthermore it is pointed out that a smooth Ag/C interface does not
guarantee that the fully processed tape will be free of intergrowths.

8.4.

The “Blistering” Problem

During the heat treatment of the ceramic composite tapes, and in particular long
lengths of them, blisters may appear on the tape surface, as the silver sheath becomes
separated from the ceramic core. This takes place when a gas is released during the heat
treatment or when a gas previously trapped inside the tape during mechanical
deformation expands during heat treatment. A number of chemical species have been
identified as potential sources for gas release, such as water, CO2 and O2 [ ]. Also, air or
other gases, in particular N2 (see section6.3), may be adsorbed in the powder during
storage and handling and could be unwittingly trapped inside the tape. Water may enter
the powder from adsorption via the ambient atmosphere or as a hydrate, e.g. Ca(OH)2,
or Sr(OH)2, during the powder processing. It can cause “blisters” at lower temperatures,
ca 400°C. The CO2 may enter the powder also from adsorption via the ambient
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atmosphere, or as a carbonate species e.g. CaC03, or SrC03, during the powder
processing. It can cause “blisters” at higher temperatures, ca 800°C, below the melting
temperature of the Bi-2212 powder.
Oxygen release may occur during melting and it is thought to occur from
modification of the copper valence in the melt. This reduces the amount of 0 2
accommodated in the melt relative to the amount of 0 2 accommodated in the solid Bi2212 phase. Blisters are a major concern because they disrupt the continuity of the
ceramic core, causing severe degradation of T of the conductor over the length where
they developed. In order to identify the mechanisms of blister formation at work in our
particular case, the properties of the Bi-2212 powder used in the tape production were
investigated by thermogravimetric analyses (TGA) during a full heat-treatment cycle:
heating up to 1100°C, and cooling down to room temperature at a rate of 10°C/min.
Figure 8.5 presents the TGA response in case the atmosphere was air. In the case of
oxygen as the cycle atmosphere, the TGA response was similar. For this reason the
discussion will be confine to the air-atmosphere case.
The weight variation between room temperature and point (1) on the heating curve
was analysed previously, see Section 6.3. It represents adsorption-desorption of gas into
the powder, and it is not associated with any thermal event on the DTA curve. The
weight variation between points (1) and (3) corresponds to melting reactions,
represented by the two endothermic peaks present on the DTA curve. In the same way,
the weight variation between the points (4) and (5) on the cooling curve is associated
with crystallisation reactions. It is evident that the weight loss during melting is higher
than the weight gain during crystallisation. For example, the weight loss between points
(1) and (2) is Awi_2=-0.16mg (or -0.356%), and between points (2) and (3) is Aw2_3195

-0.33mg (or -0.733%). On the other hand, the weight gain between points (4) and (5) is
Aw4_5=+0.26mg (or +0.578%). The correlation of the weight variation with the
temperatures of the points 1-5, and the thermal events displayed by the DTA curves,
suggests that the weight loss Aw].2 is associated with the decomposition of the Bi-2212
phase - an oxide - and therefore the gaseous species is oxygen. In the same way, the
weight loss Aw2-3 could be caused by the decomposition of alkaline earth cuprates
(AEC) which are also oxides and therefore the gaseous species is also oxygen.
The above data suggests two causes for blisters formation in Bi-2212/Ag tapes: (1)gas which is desorbed from the powder above 650°C, such as N2 (see section 6.3); (2)oxygen released during melting of 2212, and AEC. In addition to these factors, it was
shown [ ] that another major cause for blister formation is the release of C 0 2. However,
this factor was not studied here due to the fact that Bi-2212 powder with different
carbon content was not available.

Figure 8.5: The TGA signal of Bi-2212 powder recorded during heating up to
1100°C and cooling down to 25°C at a rate of 10°C/min
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In the first case it was assume that the gas desorbed was water vapours and/or air
trapped into the voids of the ceramic powder.
It can be assumed that during the blistering process, a flat tape is deformed by the
pressure which builds up inside, changing its shape into a cylinder. The pressure
.
4
necessary to yield a tape or a cylinder is [ ]; pt

2g u
2 and pc =-— ;— respectivelv,
0.75w
d - 2u

where cry is the yield strength of silver, w is the width of the tape core, u is the wall
thickness of the tape or cylinder and d is the external diameter of the cylinder.
Using the tape dimension of 4.3x0.3mm, w=4mm, w=0.05mm, d= 1.5mm and the
values of yield strength of silver at 25°C (ay~55MPa) and at 900°C (ay~20MPa), the
pressures necessary to yield the tape and the cylinder at 25°C are pt25=0.01 IMPa and
pc25=3.94MPa respectively, and at 900°C are pt9°°=0.004MPa and pc900=1.42MPa
respectively.
In order to find out the temperature of blister formation, approximately 80cm long
tape was heated up to 900°C at a rate of 10°C/min and held at this temperature for 3h in
air, in a transparent furnace. It was directly observed that blisters begin to form between
855-865°C, just prior to melting onset, and all blistering formation takes place in the
first 15-40min after reaching this temperature. It was also observed that no blisters were
formed close to the open ends of the tape, on a length of 10-15cm from each end.
Assuming that the trapped air is the cause of blistering of a tape which has the core
density before heat treatment of 70% and a fill factor of 20%, and using the law of
perfect gases, the pressure inside the tape due only to air expansion between 25 C and
900°C is increasing by a factor of 3.94, and is equal to approximately 0.4MPa. This
pressure is high enough to yield the tape, but is too low to yield the cylinder. In the case
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of tape configuration, assuming a linear dependence of a y on temperature, there is a
crossover temperature (Tx) where the pressure is just enough in to yield a tape, Tx=
760°C. This imply that if trapped air alone would be the cause of blistering, their
formation should start around 760°C, which was not the case. It is probable that the
trapped air is finding clear channels and escapes out.
Assuming that the blistering is caused only by moisture and using the same
parameters as above, a partial pressure of water pH20=l-4MPa is necessary at 900°C to
yield a cylinder with the above given dimensions. This is possible when the moisture
content inside the core is around 169.9ppm or higher. On the other hand, pn20 inside the
tape builds up gradually between 25-900°C and is probable that if water vapours are
forming, they can find a way out, but no attempt was made to actually measure the
moisture content of powder.
The above experiment was repeated in oxygen: approximately 80cm long tape was
heated up to 900°C at a rate of 10°C/min and held at this temperature for 3h, in a
transparent furnace. In this case the blisters begin to form between 875-885°C, just prior
to melting onset in oxygen, their formation is rapid (15-40min) and there were no
blisters close to the ends, as described above. Also, the number of blisters and their size
was visible less than the air atmosphere experiment.
From TGA experiments on tape it was calculated that during the melting reaction of
50.2mg

of Bi-2212

ceramic

powder the

amount

of oxygen released was

0.28molC>2/mol2212, in agreement with other research [5]. Assuming that this oxygen
were released instantaneously inside a tape with the above given dimensions, the
pressure inside would reach ~0.43MPa at 900°C, high enough to cause blisters in a tape,
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but not in a cylinder. This calculations did not take into account the diffusion rate of 0 2
through silver. Even when this diffusion is accounted for, the pressure generated by the
quick release of 0 2 is still large enough in order to cause blisters in tapes.
Based on the above observations and calculations it was concluded that in this
particular case the main cause of blistering was the oxygen release.
In order to prevent the formation of blisters, in addition to the measures already
described in Section 4.3, regarding powder storage, handling and powder loading into
the silver tube, the first stage of the heat treatment was modified according to the above
conclusions. The proposed modifications are presented in Figure 8.6.
The modification of the first step of the heat treatment consisted of heating to 650720°C at a rate of 3-4°C/min, in a vacuum of lO^Pa, and holding for 18-20h. This step
was aimed at removing the gas absorbed into the pores of the ceramic core, including
any moisture.

Figure 8.6: The modified first stage of the heat treatment for blistering control
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Next, the temperature was increased up to 865°C at a rate of 4K/minWhen the
temperature was approximately 700°C, the vacuum was gradually reduced by the
introduction of pure 0 2. The temperature was then increased up to 865°C at the same
heating rate, and maintained constant at this level for 50-60h. The purpose of this was to
allow the oxygen which begins to be released during melting, to diffuse through the
silver. In addition, this long annealing ensured that the core was melting under an
oxygen atmosphere. Finally, the temperature was increased to 910-915°C at a rate of
2°C/h, sufficiently slow that the rate of diffusion of oxygen through the silver is no less
than its rate of release from the core. This procedure provided a way for complete
elimination of blisters for the powder used in this case.
As mentioned previously [6], a high level of carbon in the ceramic powder can
increase the content of C 0 2, which in turn can play a significant role in the total pressure
created inside the silver tape.

8.5.

Heat Treatment of Bi-2212/Ag Tapes

8.5.1. The Influence of the Process Atmosphere on Critical Current

The influence of the process atmosphere on the critical current of Bi-2212 tapes was
studied in two cases: air and oxygen, using the same green tape sample of dimensions:
0.2mm thick x 4.2mm wide. The heat treatment used in this experiment was based on
the so-called “generic heat treatment”, see Section 4.3.2.
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For both atmospheres (air and oxygen), the heat treatment was similar, see Figure
8.7, except the maximum cycle temperature and the annealing temperature of the
process, were adjusted in accordance with the DTA-TGA-observed onset of melting in
air and oxygen, respectively. The maximum heating temperature was determined from
previous thermo-gravimetric studies on Bi-2212 powder, which showed that the onset of
the melting reaction in air is 872°C and in oxygen is 883°C, see Section 6.3.
Based on this information, the maximum temperature of the heating cycle was set at
894°C for the air, and 910°C for the oxygen atmosphere. These are about 20°C and
30°C, respectively above the onset of melting.
In order to establish the annealing temperature of the heating cycle, a DTA-TGA
analysis was carried out on the Bi-2212 powder used in the tape fabrication, produced
as described in Section 4.1.2. The DTA-TGA experiments which were performed both
in air and oxygen, consisted of a full cycle: heating up to 1100°C and cooling down to
25°C at a rate of 10°/min see Figure 8.8 (a), and (b) respectively. The onset
temperatures of the reaction peaks of the DTA signal presented in the above figure, are
listed in the Table 8.5.

Table 8.5: The onset temperatures of the reaction peaks of the DTA signal presented in
Figure 8.7 (a) and (b)
Cycle
____1_____
Peaks
Air
Oxygen

Cooling

Heating
1-st
[°C]
874
884

2-nd
[°C]
924
925

l-st

r°c]
926
927
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2-nd
[°C]
904
903

3-rd

r°c]
867
874

4-th
f°C]
852
-

From the above Figure and Table, the onset of Bi-2212 phase decomposition during
heating in air and oxygen respectively is represented by the onset temperatures of the
first peaks. The onset temperatures of Bi-2212 formation during cooling in air and
oxygen is represented by the onset temperatures of the third peaks. The other exothermic
peaks on the DTA cooling curve represent the formation of AEC secondary phases. This
observation leads to the conclusion that the annealing stage of the heat treatment should
take place at a temperature where the Bi-2212 phase formation reaction has just been
completed. For the sample treated in air, this temperature was 854°C and for the sample
treated in oxygen this temperature was 862°C.
A comparison of Bi-2212/Ag tapes heat treated in air and oxygen, respectively, was
carried out in terms of critical current Ic, or critical current density Jc at 77K and at 4.2K
in self field. By using the above heat treatment in air for a number of short samples, the
critical current at 77K was between 1.1-1.4A and at 4.2K was between 18-21.7A. The
latter is equivalent to a critical current density of approximately 2xl04A/cm2 at 4.2K, in
self field, which agrees well with the literature data, see Introduction.
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Figure 8.7: The air and oxygen heat treatm ent of Bi2212/Ag tapes

(a)
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T

(b)
Figure 8.8: The DTA signal for Bi-2212 powder heated up to 1100°C (a) and
cooled down to 25°C (b) at a rate of 10°C/min
In the case the atmosphere was oxygen, the critical current at 77K was between 2.33.9A, and at 4.2K was between 24.5-36.1 A as compared to the case when the process
atmosphere was air. This represented an increase in the maximum Ic value of
approximately 170% at 77K and of approximately 65% at 4.2K.
By examining the two sets of samples under SEM-EDS, we conclude that the only
difference in microstructure between them is in the type and size of secondary phases
present in the ceramic core. Thus, for air-processed sample, the room temperature phase
assemblage consisted of Bi-2212 as the major phase and (Sr,Ca)Cu02, Bi-2201 and
Bi(Sr,Ca)20x as minor phases. For oxygen-process sample, the room temperature phase
assemblage consisted of Bi-2212 as the major phase and Cu-free and (Ca,Sr)i4Cu240x as
minor phases. This confirms the results of previous research, see Section 3.
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8.5.2. The Dual Atmosphere Heat Treatment (DAHT)

A further increase of the critical current density of Bi-2212/Ag tapes was achieved by
introducing an additional step in the heat treatment procedure. This step takes place in
high purity nitrogen, and was designed to optimise the oxygen content in the Bi-2212
phase.
As indicated by magnetic moment measurements on Bi-2212 high quality single
crystals annealed in oxygen and nitrogen (see Section 7.10), critical current density in
this superconducting phase may be enhanced via a mechanism which creates an array of
oxygen vacancy defects in the crystal lattice of this phase.
Based on this idea, a new heat treatment procedure for Bi-2212/Ag tapes was
proposed. Since during this heat treatment the atmosphere is oxygen followed by
nitrogen, see Figure 8.9, the process was called the Dual Atmosphere Heat Treatment
(DAHT).
In order to maximise the critical current density of the Bi-2212/Ag tapes heat treated
by DAHT, each zone of the proposed heat treatment was optimised in terms of
temperature (T), time (t) and process atmosphere (PA). This was based on information
published in the literature, and on information derived from our own experiments: DTA,
TGA and crystal growth studies presented in Section 7, and quench studies of Bi2212/Ag tape, see Section 8.6. The parameters T, t, and PA were varied one at a time on
each zone of the heat treatment cycle, as shown in Table 8.6, where highlighted values
are optimal.
The eight stages of the DAHT were designed to fulfil specific requirements.
(I) Stage I was discussed in detail previously, see Section 8.4.
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(II) Stage II was intended to melt the ceramic core of the tape in the shortest
possible time in order to minimise the dissolution of silver and the excessive growth of
secondary phases.
The optimum temperature of this stage was between 910-915°C with duration between
10-20min. During this stage the process atmosphere is oxygen.
(El) Stage m was design to minimise the grain size of secondary phases already
present in the system (see Figure 8.8). During this stage, the temperature was decreased
rapidly, at 120-170°C/min. A faster cooling rate was desirable, but above 170°C/min the
controller-generated temperature oscillations may drive the system below the onset
temperature of crystallisation of Bi-2212, thereby inducing massive nucleation of this
phase, and consequently a large number of small grains. The process atmosphere during
this stage was also oxygen.
In the process to establish the beginning and the end temperatures of the following
steps, a correct determination of supercooling by DTA-TGA of the mixture composed
by the peritectic liquid and the corresponding secondary phases, was crucial.
(IV) Stage IV was design to grow large crystallites of Bi-2212 from the melt by
slow-cooling. A cooling rate of 0.6-l°C/h, determined during the crystal growth
experiments was used. The temperature during this stage was decreased to 865-870°C
where the Bi-2212 phase was fully crystallised. The process atmosphere during this
stage was also oxygen.
(V) Stage V was intended to complete the growth of the Bi-2212 crystals. The
duration of this stage was 5-1 Oh and the process atmosphere during this stage was
oxygen.
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Figure 8.9: The proposed Dual Atmosphere Heat Treatment (DAHT)

(VI) Stage VI was design to fast cool, using a rate of approximately 250350°C/h, down to a temperature where all other secondary phases are crystallised and
where the rate of oxygen diffusion in and out of the sample is at a maximum. The
process atmosphere during this stage was oxygen.
(VII) Stage VII was design to optimise the oxygen content of the Bi-2212 phase
and to provide a number of oxygen defects in the lattice of Bi-2212 crystals. The
duration of this stage was 10- 15h, determined by the solid state oxygen diffusion
coefficients. The temperature of this stage was 650-700°C, and the process atmosphere
was high purity nitrogen.
(VTTT) Stage VIH was intended to cool the system to room temperature in such a
way as to retain the 650-700°C phase assemblage and oxygen content of the Bi-2212
phase. The process atmosphere was also high purity nitrogen.
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Table 8.6: The range of variation of temperature (T), time (t) and the type of process
atmosphere (PA) used to optimised the various stages of DAHT
Stage I
t
PA

Stage 11
t
PA

Stage IE
t
PA

Stage IV
T
t
PA
[h]
[°C]
860
1
air
865
2
N2
870
3
o7
875
4
5
7

4

T
[°C]
865
875
885
895
905

9 10

4 .5

910

915

5

915

10

920
930

15

T

[°C]
865
875
885
895
905

[h]

2
2.5
3

air
n

2

o2

3 .5

920
930

2

[°C]
870
875

o2

880

[h]

.016
.083
.16

T

air
n

885
890

.25

.33
.5

[h]
.016

air

.083
.16
.25

n

2

o2

20

25

H o<->
L

Stage V
t
PA
[h]
8 70
0.5
air
1
n2
1.5
0 2
2
2 .5
3

T
[°C]
450
550

Stage VI
t
PA
[h]
0.17
air
0.25
No

650

0.40

730

0.50

800
830

0.70

T
t°C]
650
730

o 2

Stage V![I
t
[h]
1
2
3
4
5
7

4

10

5

15

10

20

PA
air
n2
o2

Stage VE!
T
t
PA
[h]
[°C]
air
0.17
30
0.25
n2
02
0.35
0.50
1

1.5
2

30

The process atmosphere of the DAHT indicated in Table 8.6 was changed gradually,
at a flow rate of ~31/min. In Figures 8.6, 8.7, 8.9 and 8.10, is indicated the onset of
atmosphere change.
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8.6.

Phase Evolution During DAHT

The phase evolution investigation was carried out on short tape samples quenched
from different temperatures during the heat treatment. The quenching schedule is shown
in Figure 8.10. Chemical analysis of the phases present in the samples was carried out
by XRD and EDS, as described in Sections 5.1 and 5.2 respectively.
Quenching of the samples was performed in a vertical tube furnace using controlled
process atmosphere. The tape samples were suspended in the middle of the furnace hot
zone on a fusible wire, and were dropped into vacuum pump oil to ensure a fast cooling
rate [7]. The samples quenched from the maximum temperature (910°C) were held for
15min prior to quenching. If the holding time at the maximum temperature is increased,
the silver dissolution into the ceramic core should increase up to a saturation level.

Figure 8.10: Sample quenching schedule during DAHT
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A total of 19 samples were quenched from various temperatures during the DAHT
cycle. Their identification, hold temperature, hold time at temperature, and furnace
atmosphere are summarised in Table 8.7.

Table 8.7: The quenched Bi-2212/Ag tape samples: identification, temperature and the
elapsed time, and the process atmosphere at the time of quenching
Sample

ID
Q1 (28395)
Q2 (20495)
Q3 (8495)
Q4 (17395)
Q5 (3495)
Q6 (11495)
Q7 (2495)
Q8 (21495)
Q9 (2595)
Q10 (3595)
Q ll (4495)
Q12 (1595)
Q13 (24495)
Q14 (22395)
Q 15(26495)
Q16 (14495)
Q17 (9495)
Q18 (12495)
Q19 (21395)

8. 6 .1 .

Temperature [°C]/elapsed
time [h]
910/0.25
884
869
868
867
866
865
864
862
861
860
860/1
860/2
860/3
860/5
860/8
860/10
700/9
700/14

Furnace Atmosphere

o2
o2
o2
o2
o2
02
o2
02
o2
o2
o2
o2
o2
o2
o2
o2
o2
n2
n2

Phase Evolution by XRD

XRD investigations were carried out on the exposed core of the quenched samples,
prepared by splitting open the tape. The results are presented in Figure 8.11 (a-d), also
included is the XRD spectrum of the Bi-2212 precursor powder, used for tape
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fabrication. Phase evolution during the DAHT, as detected by XRD is summarised in
Table 8.8.
From the above Figures and Table, it can be concluded that upon heating in flowing
oxygen, the Bi-2212 phase decomposes peritectically into a liquid and two solid phases,
at around 875°C. These phases are the alkaline earth cuprate (AEC) 14:24=Sri4Cu2404i,
and Cu-free phase=Bii.iSro.902.25- This phase assemblage is found up to the maximum
heat treatment temperature of the process of 910-915°C.
Upon cooling from 910°C to 880°C, where the slow cooling stage of the DAHT
begins, this phase assemblage remains unchanged. As the temperature is further
decreased, the system is crossing again the peritectic surface of the phase diagram at
around 875°C. This induces the onset of the conversion of 14:24, Cu-free and the liquid
back into the Bi-2212 phase. Initially, this process is rather fast, and at 869°C is
approximately 75-80% complete, as can be seen in Figure 8.11.
During slow cooling (between 880°C and 860°C), the remainder of the 14:24 and
Cu-free phases continue to transform into 2212 via solid state reaction. At the same
time, the size of Bi-2212 crystallites is increasing, as confirmed by the increased
intensity of the X-ray reflections. Also, for the 2212 phase, the intensity of reflections
from the crystallographic planes with mixed Miller indices is decreasing, and the (001)
reflections are increasing, indicating that the alignment of Bi-2212 crystallites is
improving.
At approximately 863°C, the 14:24 phase can no longer be detected in the system by
XRD, but the Cu-free phase continues to be present down to room temperature.
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20 [deg]

Figure 8.11: The room tem perature XRD scans of the Bi-2212 powder used to
fabricate the tapes and of quenched samples. Indicated are the hold
tem peratures prior to quenching. Also indicated are the hold times at
tem perature and the process atmosphere at the moment of
quenching. SL stands for “slow” cooling stage of the DAHT
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Figure 8.12: The room tem perature XRD scans of the tapes quenched during the
slow cooling section of DAHT
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Figure 8.13: The room tem perature XRD scans of the tapes quenched during the
slow cooling an d O2 annealing sections of DAHT
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Figure 8.14: The room tem perature XRD scans of the tapes quenched during the
0 2 and N2 annealing sections of DAHT
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Table 8.8: The phase evolution of Bi-2212/Ag tapes processed by DAHT, investigated
by XRD on quenched samples
Sample
ID

Temperature/ DAHT
elapsed time
Stage
[°C]/[h]
Powder
25
0
910/0.25
n
Ql
884/0.33
m
Q2
IV
869
Q3
Q4
868
IV
Q5
IV
867
IV
Q6
866
rv
Q7
865
864
IV
QB
IV
863
Q9
862
IV
Q10
IV
860
Q ll
V
Q12
860/1
V
860/3
Q13
Q14
V
860/5
V
860/8
Q15
V
860/10
Q16
vn
Q17
750/3
vn
750/12
Q18
vn
750/14
Q19
Note: x= detected; - = undetected

DAHT
Stage
Atmosphere
air
O2

2212

X

(14:24)
AEC
-

Cu-free

-

-

X

X

-

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

-

X

X

-

X

X

-

X

X

-

X

X

-

X

X

-

X

X

-

X

X

-

X

n2

X

-

X

2
n2

X

-

X

X

-

X

o2
o2
o2
o2
o2
o2
o2
o2
o2
o2
o2
o2
02

o2
o2

n

This confirms the findings of previous research [8] on Bi-2212 thick films in oxygen,
(see Section 3.3.4). But it does contradict other results [9] carried out on bulk samples,
which revealed that the phase assemblage at high temperatures (917-942°C) in an
oxygen atmosphere, consisted only of a liquid and the 14:24 phase.
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8.6.2. Phase Evolution by SEM-EDS

In order to identify the exact composition and the morphology of the secondary
phases present in the Bi-2212/Ag tapes during the DAHT, an investigation was carried
out on the quenched tapes using SEM-EDS.
At the maximum temperature of the DAHT process, 910-915°C, as described
previously in the case of XRD analyses, the ceramic Bi-2212 core decomposes into a
liquid and two solid phases. An SEM photo of a tape quenched from this temperature
(Q l) is presented in Figure 8.15 a and b, where the two solid phases are 14:24, which
appears as black crystals, and Cu-free, which appears as dark grey crystals. The
quenched liquid appears as the grey area between the crystals. In Fig. 8.15-b there is
visible another region, around the crystalline phases, which appears as a light-grey area.
Microanalyses of this region was not possible due to its small size, but it is possible to
be quench liquid with a higher content of silver.
The EDS composition of the two solid phases, and the quenched liquid was
determined on five different crystals, at five different points respectively, and the result
was averaged. The EDS spectra of 14:24, Cu-free and the quenched liquid are presented
in Figure 8.16 a, b and c respectively. These analysis is summarised in Table 8.9,
where the oxygen content was calculated by difference, assuming the spectroscopic
states Bi3+, Sr2+, Ca2+, Cu2+, Ag1+ and O2'.
Table 8.9: EDS results of the analyses of the solid phases and the liquid found in the Bi2212/Ag tape quenched from 910°C ( sample Ql)
Standard
Formula
Phase
Cu=24
BiosSrg 14Ca6.01Cu24O38.45
14:24
Bi=l
BiiSri 41Cao.52O4.93
Cu-free
Bi=2
BÌ2Sri 32Cao 53CU1.44Ago. 14O6.68
Liquid
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(a)

0>)
Figure 8.15: SEM cross section of a Bi-2212/Ag tape quenched from 910°C. The
black crystals (b) were identified as 14:24 AEG phase and the grey
crystals as the Cu-free phase. The grey mass between these crystals is
quenched liquid
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(b)
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(C)

Figure 8.16: EDS spectra of the phases found in the Bi-2212/Ag tape quenched
from 910°C: (a) 14:24 AEC phase; (b) Cu-free phase; (c) liquid
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At 884°C, for sample Q2, the ceramic core is still in a molten state and the SEM
appearance of the quenched sample is unchanged.
At 869°C, for sample Q3, a significant fraction of the ceramic core has transformed
back into the 2212 phase. The SEM appearance of this sample shown in Figure 8.17, is
composed mostly of 2212 grains, with some 14:24 and Cu-free phase. Strongly visible
are a number of holes, which appear to be aligned relative to the 2212 grains and the
silver. There are also small grains of the Cu-free phase. EDS analysis performed inside
the holes revealed traces of 14:24 phase. Also, close to the edge of the holes, silver is
present, whilst away from the edge of the holes, the 2212 phase is silver free, see Figure
8.18 a, and b. These two observations suggest a possible scenario in which the 2212
phase is nucleating on the surface of the 14:24 grains, as well as at the silver/liquid
interface. As the 2212 crystallites grow, they are rotating in such a way as to occupy a
favourable position relative to the other crystals and to the silver/core interface. The
mechanism behind this texturing could be the competitive growth in a constrained
environment, as suggested by numerous researchers, or a consequence of minimising the
free energy of the system. This occurs as the crystallites grow, and the surface tension
between the crystallites and the wetting liquid increases. Also, during the first stages of
solidification, it is speculating that the silver dissolved into the liquid, segregates around
all crystalline phases present in the melt at 910°C (Cu-free and 14:24). The fact that we
observed a large amount of Ag preferentially around the 14:24 crystals is probably due
to their larger size and is not related to their composition. As these crystals are
consumed in the 2212 conversion process, an observable silver-rich zone is left behind.
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lOttm
Figure 8*17: SEM cross section of the BI-2212/Ag tape quenched from 869°€

The compositions represented by the above spectra, plus the compositions of the
14:24 and Cu-free phases measured In the tape sample quenched from 869°C are
summarised in Table 8*10.
Table 8.10: EDS results of the analyses of the phases found in the Bi-2212/Ag tape
quenched from 869°C (sample Q3)
Formula
BÎ2Srf.95Câu2CU2J7Ag0J6Ûg.6
BiiSfi .8iCao.92Cu2. Ag . O
B iaSri .64Cao.76Cu . Û
Bi0J2Sr7.99Ca<3.23Cti24O3g.4
Bi Sr . Cao. O

Phase
“
9219b
| syC
2 2 1 2

15

9 9

0 0 4

1 96

14:24
Cu-free

1

1 3 3

6 4

7 .9 2

7 .3 6

2 .9 7

Standard
Bi=2
Bi=2
Bi=2
Cu=24
Bi=l

•

In Table 8.10, 2212a is the composition of the 2212 phase measured on the edge of a
hole; 2212b is the composition of the 2212 phase measured at a small distance (~3um)
from a hole; and
edge of the holes.

2 2 1 2

c is the composition of the

2 2 1 2

phase measured away from the

FuD 5cale= 2048

(a)

-0!

20.48 keV

.01

20.48 keV

(b)

Figure 8.18: EDS spectra of a Bi-2212/Ag tape quenched from 869°C. The Ag
content is increasing as the analyses is performed closer to the edge
of the holes (a) and is decreasing away from the edge (b)
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As the temperature is further decreased during the slow cooling stage of the DAHT,
(between 880°C and 860°C), the phase assemblage of the tapes remains unchanged, but
the amount of 14:24 and Cu-free phases continuously decreases.
At S60°C when the annealing stage of the DAHT begins, the phase assemblage is
2212 phase (estimated at 90-95%), 14:24 phase (estimated at 1-2%), and Cu-free phase
(estimated at - %), and the density of the ceramic core appears to be higher than in the
1

2

previous samples, see Figure 8.19.

Figure 8.19: SEM cross section of a Bi-2212/Ag tape quenched from 860°€

During the 860°C annealing stage of the DAHT after approximately 5-8h, the black
grains of 14:24 phase are no longer visible. However, some areas in the cross section of
the ceramic core still contain a higher amount of copper, which is probably an indication
that the 14:24 phase is still present, but this conclusions are uncertain since the
crystallites are here smaller than the electron probe. After approximately lOh annealing

223

at 860°C, in sample Q16, the phase assemblage of the ceramic core appears to contain
the same phases, i.e. traces of 14:24 and a small amount of Cu-free phase. This phase
assemblage is maintained for the rest of the heat treatment, down to room temperature.
The results of EDS analyses are summarised in Table 8.11.

Table 8.11: The phase evolution during the heat treatment of Bi-2212/Ag tapes by
DAHT, investigated by SEM-EDS micro-analyses on quenched samples
Sample
ID

Temperature/ DAHT
elapsed time
Stage
[°C]/[h]
910/0.25
n
Ql
Q2
884/0.33
m
IV
869
Q3
IV
868
Q4
IV
867
Q5
IV
866
Q6
IV
865
Q7
Q8
IV
864
IV
863
Q9
IV
Q10
862
IV
Q ll
860
V
Q12
860/1
V
860/3
Q13
V
Q14
860/5
V
860/8
Q15
V
860/10
Q16
VII
750/3
Q17
VII
750/12
Q18
vn
750/14
Q19
Note: x = detected; - = undetected

Stage
Atmosphere

o2
02
02
02
02
02
02
02
02
o2
02
02
02
02
o2
02
n

2
2

n

2

n
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8.7.

Morphology and Orientation of Crystallites in Bi-2212/Ag Tapes
Processed by DAHT

The morphology of the crystallites in the Bi-2212 tapes processed by the DAHT was
studied in two cases by SEM. In the first case, the silver sheath was removed by
dissolving it in a mercury alloy. This operation does not affect the ceramic core, and is
ideal to reveal the size and orientation of the crystallites adjacent to the silver sheath,
which are believed to play a major role in the carrying of the electric current. Thus, in
this case the investigation was carried out with the electron beam parallel to the tape
(core) normal (the “face-on” orientation).
In the second case, the tape was imbedded in cold mounting resin, polished, and the
investigation was carried out on the cross section of the ceramic core with the electron
beam perpendicular to the tape normal, this geometry being widely employed to reveal
the orientation of the crystallites inside the ceramic core (the “edge-on” orientation).
When the investigation was carried out with the beam parallel to the tape normal it
was revealed that the 2212 crystals adjacent to the silver grow to large dimensions, up to
lOOpm. Figure 8.20 (a, b) shows the SEM aspect of the silver/core interface along the
edge of the core. During the silver dissolution, cracks in the silver appeared very often,
running parallel to the edge of the core (Figure 8.20 (a)). This is probably due to the
relief of the compression-stress state, created during the cooling of the tape and
originating in the difference between the expansion coefficients of the core and the
silver. It is interesting to note in Figure 8.21, that in many parts of the silver/core
interface, the 2212 crystals are inter-changing the a and b crystallographic axes, in a 90
twin-like pattern.
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(a)

Figure 8.20: An SEM microstructure of the silver/core interface of a Bi-2212/Ag
single filament tape, with the silver sheath removed, looking down
along the tape (core) normal. Section (a) represents the region where
the silver is still attached to the core and section (b) represent a zoom
of the edge of the core
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Figure 8.21: An SEM microstructure of the süver/core Interface, showing a 90e
twin-Iike pattern

The figure are also indicated the transverse and longitudinal directions, relative to the
tape axes. On a number of micrographs it was noticed that on large areas of the core the
crystal pattern is consistently positioned relative to the tape axes as it is shown in the
figure.
The microstructure and the phase assemblage are very sensitive to the process
atmosphere. In this respect, if the process atmosphere cannot be controlled with
sufficient accuracy, then a mixed phase assemblage, and therefore a mixed
mnicrostriicture can appear within the same tape. When the process atmosphere or me
DAHT was not changed adequately during heating (stage 1), as described in section 8.4,
the result is as shown in Figure 8.22. Here, although the process atmosphere was
oxvsen during meltino (stage 11), some air still remained within the tape. As a
consequence, the melting of the ceramic core did not take place in oxygen Dm m an, and
only at the open ends of the tape is the influence of oxygen atmosphere seen \Ouis thw*v
was the core melted in oxygen).

Figure 8.22: An SEM microstructure of the silver/core Interface obtained closed to
the open end of the tape, showing a mixed aspect: at the top of the
figure, a typical DAHT aspect of a properly treated tape; in the rest, a
combination of 2:1, 2201 and 2212 phases result from an improper
adjustment of the process atmosphere

The above figure shows an SEM photo of the silver-stripped core, close to the open
end of the tape (at the top of the figure), where the 2212 crystals are well developed, and
the microstructure resembles the optimum treated tape. In the lower part of the figure,
towards the middle of the tape, the microstructure consists of 2:1 AEC phase (stick-like
black crystals), 2201 (grey cylindrical crystals) and 2212 (plate-like crystals). A tape
with such a microstructure, and phase assemblage has a very low Ic performance.
The orientation distribution of crystals in the silver/core interface region was
measured using X-ray texture analyses, as described in Section 5.1.3. The investigation
was carriedout on three tapes quenched during the DAHT (Q3, Q11, Q16, in Table 8.7)
and on afully-treated tape.

For all samples, the silver was removed as described

previously. The results are presented in Figure 8.23 (a-d) as the pole figures ot the
(008) and Figure 8.24 (a-d) as the pole figures of the (00 H)) crystallographic planes.
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Figure 8.23: The [008] pole figures of quenched tapes: (a) from 869°C during slow
cooling; (b) from 860°C at the end of slow cooling; (c) from 860°C
after lOh annealing and (d) tape fully treated by DAHT
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Figure 8.24: The [00 10] pole figures of quenched tapes: (a) from 869°C during
slow cooling; (b) from 860°C at the end of slow cooling; (c) from
860°C after lOh annealing and (d) tape fully treated by DAHT
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From these figures, two main observations are worth noting. First, the orientation of
2212 crystals starts in the first stages of the slow cooling and at 869°C is well defined.
Second, the texture continues to improve during the slow cooling and annealing stages
of the heat treatment. The mechanism behind this high temperature solid state texturing
is not understood, but it could be explained by a continuous decrease in the number of
small, poorly-aligned 2212 crystals and therefore as an increase of the signal ratio highaligned/poor-aligned crystals, which does not imply a physical rotation of the large
crystals. When the microstructure of the tapes was investigated in cross section, the
SEM aspect consists of well aligned grains relative to the silver/core interface. The
average angle between the “normal” to the crystals (taken in the polishing plane, which
is not the true normal) and the silver/core interface in the fully treated tapes is between
5-8°. This long range alignment is disrupted occasionally by some 2212 grains which
have a very high alignment angle, up to 90°, as shown in Figure 8.25. As seen in the
figure, the cracks develop preferentially along these grains.

Figure 8.25: An SEM cross section view of a fully-treated tape with highly
misaligned crystals. The potential cracks ai e initiated in these
regions
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8.8.

High Resolution Transmission Electron Microscopy (HRTEM)

High resolution TEM was carried out on Bi-2212/Ag tapes using an analytical
instrument. The relative position between the tape and the electron beam was
perpendicular and parallel to the broad face of the tape, known as normal TEM (NTEM)
and XTEM respectively. In the case of Bi-2212 tapes, due to the high degree of
alignment, this particular geometry corresponds to the beam being parallel and
perpendicular to the c crystallographic axes of the crystallites respectively. The sample
preparation for this investigations was described previously in Section 5.2.2. The
purpose of this investigation was to observe the micro inclusions, intergrowths,
dislocations and the type of grain boundaries present in Bi-2212/Ag tapes processed by
DAHT.
The investigated samples contain mostly two types of grain boundaries: twist and
mixed. Twist boundaries are formed when the (a,b) plane is rotated about the c axes,
and in this case the rotation angle is 90°. The mixed boundaries represent a combination
of tilt and twist boundaries. When examined in NTEM geometry, it was revealed that
the micro-phase assemblage of the Bi-2212 tapes treated by DAHT consist mainly of Bi2212 plus other non-superconducting phases such as Bi2Sr2CuOy, Sr7Ca7Cu240y, CuO
and an amorphous structure, shown in Figure 8.26 which was mostly observed at the
colony boundary, shown in Figure 8.27 (a) and (b). In the XTEM geometry, it was
revealed that in addition to the phases mentioned above, there were also a small number
of 2201 and 2223 intergrowths. These are stacking faults of half of a unit cell: c/2 layer
of 2201 and c/2 layer of 2223, Figure 8.28. The distance between these stacking faults
is approximately 10-20nm, as seen in Figure 8.29.
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Figure 8.26: The phase assemblage of the Bi-2212 tapes fabricated by DAHT
determined by TEM: A=Bi-2212, B=14:24, €=CuO, Am=amorphous
phase

(b)

(a)

Figure 8.27: Amorphous phase observed mostly at the colon} boundaries,
(a) and (b)
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Figure 8.28: Stacking faults ofc/2 layer of 2223 present In Bi-2212 tapes

Figure 8.29: The distance between the stacking faults In Bi-2212/Ag tapes
processed by DAHT is 10-20nm
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The relative position between the Bi-2212 crystallites and the silver sheath was found
to be always with the c crystallographic direction (i.e. the [001] direction) perpendicular
to the silver, Figure 8.30. The growth of Bi-2212 crystallites adjacent to the silver takes
place with the Bi-0 layer at the interface. However, when a tape is split open, the
cleavage plane runs always through the Bi-0 double layers between the neighbouring
cells, which indicates that the bonding between the silver and the Bi-0 layer is stronger
than the bonding between two adjacent Bi-0 layers.
When a step is present at the interface between the silver sheath and the adjacent
crystallites, the [001] direction remains perpendicular to the interface and a c/2 Bi2201, or c/2 Bi-2223 stalking fault is generated, Figure 8.31, which correspond to the
subtraction or intercalation of one Cu-0 layer between the Bi-0 layers.
The 90° twist boundaries are the predominant grain boundaries in the colonies they
are formed by one atomic plane and are clear of secondary phases (Figure 8.32). The
distance between the twist boundaries is in the range 80-15Onm (Figure 8.33).
A few grain boundaries are formed by a number of stacking faults on the two sides of
the boundary. Such a grain boundary is presented in Figure 8.34, where a large number
of c axes stacking faults can be seen edge on. In this case the grain boundary is thicker,
but is still clear of secondary phases.
The macroscopic electric properties of the conductor depends on a number of factors
amongst which the thickness and cleanness of the boundaries plays an important role.
The superconducting coherence length along the c axes, ^c, determines the thickness of
the grain boundaries perpendicular to the c axes, which can be crossed by the
microscopic supercurrent.
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15nm

Figure 8.30: The Interface between silver and ceramic core is perpendicular to
[001] direction or the c axes. The Bi-2212 crystallites grow with the
Bi-O layer on the silver

Figure 8.31: The presence of a step at the interface between the silver and ceramic
core generates a c/2 Bi-2212 or c/2 Bi-2223 stacking fault
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Figure 832: 90 twist boundaries are formed by one atomic plane and are
clear of secondary phases

Figure 833: The distance between the twist boundaries is In the range 80-150nm
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For Bi-2212 phase, ^ is ~0.3nm [10] and

^

~0.27nm, see Section 7.19, which

means that the thickness of the c axes grain boundary presented in the above Figure is of
the same order of magnitude as

and therefore a possible cause of weak links.

The railway switch-type of colony boundaries was also observed in Bi-2212/Ag tapes
produced by DAHT, as well as in Bi-2212/Ag tapes produced by other methods [n]. For
some high-angle railway switch grain boundaries such as the one presented in Figure
8.35 , where the angle between different crystallites is as high as 45°, a microcrack was
observed. The cause of this type of crack could be from the difference in the expansion
coefficients of silver and ceramic core.
The dislocation type and density present in the sample depend on the location
relative to the grain boundaries. At the 90° twist boundaries, the dislocation type is
[110], with the Burgers vector 1/2 [110]. Such dislocations form an array with extended
nodes as shown in Figure 8.36. The dislocation density in this case is in the range of
1010-1011 dislocations/cm2.
At the mixed grain boundaries, the dislocation type is also [110], with the same
Burgers vector, but they do not form arrays, or networks as in the previous case, Figure
8.37. In this case, the dislocation density is in the range of 109-1010 dislocations/cm2.
Away from the grain boundaries inside the Bi-2212 grains, the dislocation type is
[001], Figure 8.38. In this case, the dislocation density is smaller, approximately 109
dislocations/cm2.
The Selected Area Diffraction Pattern (SADP) of the Bi-2212 crystallites, Figure
8.39, obtained along the [100] zone axis shows superlattice reflections in the (b*,c*)
plane in reciprocal lattice space.
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Figure 8.34: A grain boundary formed by a number of stacking faults present on
both sides of the boundary

Figure 8.35: The railway-switch type of colony boundaries
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Figure 8.36: Array of [110] dislocations found at the 90° twist boundaries

Figure 8.37: The type of dislocations present at the mixed grain boundaries
[ 110] '

Figure 8,38: The dislocation type inside the Bi-2212 grains, away from the grain
boundary is [001]

Figure 8.39: The SADP of the [100] zone axes, showing a strong modulation
along the h* direction
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It has been shown [12] that in SADP of [001] zone axes, additional diffraction spots
appear due to multiple scattering involving higher order Laue zones, and/or the presence
of stacking faults along the c axes. The advantage of the SADP taken with the electron
beam parallel to the [100] zone axes is that reflections from the high order Laue zones
are less probable (a<c), and that as the stacking faults along the c axes are seen edge on,
they can be avoided.
In the above figure, the incommensurate modulation along the b* axes shows
reflection spots at (0,_L ,0), and (0,_L,1) as previously indicated by other researchers
4.7
4.7

8.9.

Transport Measurement on Bi-2212/Ag Tapes Produced by DAHT

Electric transport measurement were performed, as described in Section 5, on short
lengths of Bi-2212/Ag monofilamentary tapes processed by DAHT, using a four point
technique.

8.9.1. Enhancement of Critical Current

The Bi-2212/Ag tapes processed by DAHT revealed an enhanced critical current
relative to identical tapes processed in air. In order to assess the benefit of the DAHT on
the overall L of the tapes, three samples were prepared from the same green tape, having
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the following dimensions: 0.2mm thick x 4.2mm wide. Two of them were heat treated
in air and oxygen using an optimised heat treatment as was presented previously in
Section 8.5, Figure 8.7. The third sample was heat treated using the DAHT, as described
previously.
The Ic dependence on temperature for these three samples, measured as described in
Section 5.7, is presented in Figure 8.40, where an enhancement of the critical current of
the tape sample processed by DAHT was obtained relative to the tape samples processed
in air and oxygen. Thus, at 77K, Ic values of 0.8-2A (air-processed), 2-3.5A (oxygenprocessed) and 7-10A (DAHT-processed) were obtained. At 4.2K, Ic values of 16-20A
(air-processed), 22-37A (oxygen-processed) and 65-95A (DAHT-processed) were
obtained. The increase in the value of Ic following the DAHT processing (rather than air
+ oxygen processing) is ascribed as being due to an improvement in the phase
assemblage and an increase in the pinning site density. Whereas both of these factors
would be expected to operate at 4.2K, at 77K the improved phase assemblage probably
plays the dominant role.
The temperature dependence of Ic for a Bi-2212/Ag tape processed by DAHT was
also measured in a weak magnetic field B=0.1 T, applied perpendicular to the broad face
of the tape (Figure 8.41). In self-field, the dependence shows a power law behaviour,
the fitting function to the data between 4.2K and 85K (the continuous line) being Ic—
95.85- 1.38 T + 0.0031 T2.
The field dependence of Ic was measured up to 1 T, at temperatures of 77K and 70K,
with the field parallel, and perpendicular to the c axes, Figure 8.42
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Figure 8.40: The Ic dependence on temperature for Bi-2212/Ag tapes of the same
dimensions, heat treated under different conditions: - by the
heat treatment presented in Figure 8.7, (A) in air and ( • ) in
oxygen; - and by the DAHT presented in Figure 8.9 (■)
B II c

T[K]

Figure 8.41: The Ic dependence on Temperature for a Bi-2212/Ag tape processed
by DAHT, in self field (■); and in B=0.1 T, applied perpendicular to
the broad face of the tape (•); the continuous line (y) is the least
square fitting to the self field data
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The observed field dependence of Ic in DAHT tapes is similar to other BSCCO (2212
or 2223) tapes processed by different methods [14,15] and on a linear plot it can be well
fitted with the function Ic^B'05. The high degree of alignment in the Bi-2212/Ag tapes
in general, is manifested also in the tapes produced by DAHT. The importance of
crystallographic alignment is exemplified by the dependence of Ic (77K) on 0b,n, the
angle between applied field (B=0.1T) and the normal to the broad face of the tape,
Figure 8.43. Due to a small spatial distribution of c-axis orientations about the tape
normal, Ic remains independent of 0b,n until it increases beyond about 6-8°, otherwise Ic
increases with cos

0 b ,

n as shown.

8.9.2. Current-Voltage Characteristics

The transport current-voltage characteristics of Bi-2212/Ag tape samples processed
by DAHT were measured in weak magnetic fields at 77K using a four points technique
as described previously in Section 5.7. In order to avoid complications associated with
parallel current paths through the core and the silver sheath, the measurements were
carried out only on the bare ceramic core. It is well known the difficulty in making low
resistivity electric contacts directly onto the ceramic core. In this case, short, previouslyannealed silver wires were soft-soldered with In onto the silver sheath. Silver was then
selectively removed only between the contacts, by dissolving it in a mercury alloy bath
contained in a quartz tube.
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Figure 8.42: The Ic dependence on the applied field (B) for a Bi-2212/Ag tape
processed by DAHT, measured at 77K and 70K
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Figure 8.43: The dependence of Ic on the angle between a probe field B=0.1T,
and the normal (n) to the broad face of a Bi-2212/Ag tape processed
by DAHT
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The sample prepared in this way was very fragile, and the cooling was done carefully
in order to avoid the initiation and development of cracks.
Figure 8.44 presents the log-log dependence of voltage drop of the core on the core
transport current I. This dependence in Bi-2212/Ag tapes processed by DAHT is typical
for Bi-2212 tapes and films in general. In applied fields between zero and approximately
15mT, the I-V dependence presents a negative curvature, above approximately 2030mT, the curvature becomes positive. This behaviour is interpreted as an indication of
a vortex glass state [16]. Alternatively, the change of slope can be interpreted as the onset
of the viscous damping in the moving vortices [ ].
Another feature of these tapes, which has also been observed in Bi-2212 films and in
air or oxygen processed Bi-2212/Ag tapes, is the power law behaviour seen in Figure
8.45. In the log-log plot of the above figure, the transport measurement data was fitted
with the power law dependence V<^IP. The exponent p in the power law behaviour of the
I-V characteristics is dependent on the applied field B, Figure 8.46. For comparison, the
same Figure also presents the literature data for Bi-2212 thin films [18]. We noticed that
at 77K, at the low end of the applied field range, the exponent is monotonically
dependent on 1/B for both tapes and films. At the high end of the applied field range,
the exponent approaches unity due to the superconducting-normal transition. At a
particular value of the applied field, the exponent of the Bi-2212/Ag DAHT tapes is
always higher than the corresponding value for the Bi-2212 thin films, due to the higher
critical current in the tapes.
The fit in Figure 8.45 is good for all fields. However, at the lower end of the applied
field range, as stated above, the behaviour departs the power law regime. At the higher
end of the applied field range, a step becomes visible. Based on the “Brick Wall Model”
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(BWM) of the current flow, this could be interpreted [19] as a consequence of the fact
that the critical current exceeds the critical current of the weak links. Therefore in this
case, the step should represent a sharp increase of the voltage drop, for a small increase
of the current see Section 2.4.2. On the contrary, in the I-V characteristics presented in
the above figures, the steps represents a small increase in the voltage drop for a large
increase of the current, and thus it can not be explained based only on the BWM. An
alternative explanation could be the presence of pinning centres with different pinning
energies. Thus, the dissipative process of flux lines movement associated with the
increase of the current and/or the saturation of the low energy pinning centres, is at some
point slowed down by the higher energy pinning centres. In this situation, a flux bundle
which has enough energy to overcome the potential barrier of the low energy pinning
centres will flow towards the higher energy pinning centres still active.
The power law-fitted curves converge at a point, which was observed also in sintered
Bi-2212 [20], other Bi-2212/Ag tapes and in Bi-2212/SrTi03 films [21].

8.9.3. Resistive Transition Temperature in Weak Magnetic Fields

The resistive transition temperature of Bi-2212/Ag tapes processed by DAHT was
measured in weak magnetic fields, applied parallel and perpendicular to the tape normal,
as described in Section 5.7 using a low frequency ac method [22]. The amplitude of the
applied current was Io=lmA, which corresponds to a current density J=2.5A/cm and
allows a voltage sensitivity of InV.
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Figure 8.44: The current-voltage characteristics of a Bi-2212/Ag tape, processed by
DAHT, and recorded at 77K in weak magnetic fields, applied parallel
to the tape normal

Figure 8.45: The power law fitting of I-V dependence on magnetic field at 77K
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Figure 8.46: The dependence of the power law exponent (p) on the applied field in
Bi-2212/Ag tapes processed by DAHT and in Bi-2212 thin films [17]

The temperature range of measurements was 4.2 11OK and the applied DC field
range was 0-1T. This was always applied perpendicular to the direction of the macro
current (I) passing through the core.
The superconducting transition in a Bi-2212/Ag tape when the field was applied
parallel to the tape normal is presented in Figure 8.47 (a), and when the field was
perpendicular to the tape normal in Figure 8.47 (b). In the latter configuration, due to
the high degree of crystallite alignment, the applied field is quasiparallel to the c
crystallographic axes in the Bi-2212 grains.
In zero applied field, the zero resistance temperature was 90.8K, which is similar to
the transition temperature found in stoichiometric Bi-2212 crystals of 91.3K.
For the same value of applied field, the characteristic broadening of the transition in
BSCCO is much larger when the field is applied parallel to the tape normal than when it
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is applied perpendicular to it. However, the transition is symmetrical, and the
characteristic “foot” associated with a percolative transition in an array of weak links
[“ ] is absent, which suggests that the approach of the zero resistance state Ro in these
tapes is not controlled by weak links.
In wires and tapes, due to the parallel conduction through the core and metallic
sheath, the shape of the temperature dependence of resistance is affected, and therefore
the slope of the curve for T>TCis different. For temperatures T<TC, in particular below
the resistive onset temperature, the resistance of the core is much smaller than the
resistance just above Tc, and the dependence is not affected by the presence of the
sheath. Within this temperature range, the resistance shows an exponential increase with
temperature.

8.9.4. Flux Pinning Energy

At the present time, there is controversy within the scientific community regarding
how the pinning energy (U) or pinning potential (Uo) should be derived. This originates
in the fact that the dependence of U on temperature and field is not fully understood [24].
However, the comparison of the pinning strength in different types of materials based on
the estimation of pinning potential as a function of the applied field, U0 (B) = U (B,
T=0), should be valid as long as the pinning potential is derived within the same
resistivity range for J<JC.
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Figure 8.47: The resistive transition of a Bi-2212/Ag tape processed using DAHT,
with the applied field parallel (a) and perpendicular (b) to the c
crystallographic axes
252

In

P =

general,

p0exp

the temperature

dependence

of resistivity

can

be

written

as

(

Uo] where po^BUo/iJcokT) and Uo can be regarded as constant if the
V kjy

temperature range is sufficiently narrow. In this conditions, Uo could be obtained from
the slope of In p vs. 1/T,
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T -T

, but it was pointed out that this

would lead to an overestimate of Uo especially in the vicinity of Tc due to the fact that
the first equation holds correct under fixed magnetic field only, within a narrow
temperature range. However, when Jc-transport is large, the resistivity dependence is
similar to that given in the first equation. In this case Uo (or Uo*-the apparent pinning
potential) agrees well with the Uo obtained from magnetic relaxation.
The flux pinning energy (activation energy) in a Bi-2212/Ag tape processed by
DAHT was deduced from the measurements of the resistive transition temperature in
magnetic fields presented in Figure 8.47. The Uo of DAHT-processed tapes obtained in
this way is compared with Uo of Bi-2212 wire, Bi-2212 crystal, Bi-2212 thin film and
Bi-2223 tape obtained in a similar way.
In the temperature range T<TC, the approach to zero resistance follows an
exponential law of the form Rocexp[-U/(kT)]. The pinning energy U (or pinning
potential Uo) extracted from Arrhenius plot of InR vs. 100/T, Figure 8.48, shows a
power law or a logarithmic dependence [25]. The cause of this type of dependence is the
activation of the magnetic flux lines (or flux bundles) by the thermal fluctuations [ ].
In the case of the Bi-2212/Ag tapes processed by DAHT, from the resistance
dependence on temperature within the explored range of field B<1T, the pinning energy
has a temperature dependence of the form U^CTc-TyB , (Uo^Tc/B ), with oc~0.5, as
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shown in Figure 8.49. In this Figure, the continuous line represents a least square fit to
the data points, which yields Uo= 3.09 - 0.46 B, with a standard deviation SD=±0.007,
and a residue R= -0.9987. A similar variation of pinning energy has been reported for
Bi-2212 thin films [27], Bi-2212 wires [2S], Bi-2223 thin films [29] and Bi-2223 tapes
[ ]. It was shown that the activation energy depends also on the current density, but for
Bi-2212 films, Bi-2212 crystals and Bi-2212/Ag tapes, U is independent of J for J<JC
[ ]. The same is expected to apply in these tapes, due probably to the existence of
percolative supercurrents paths within the sample.
The variation of the pinning potential with applied field is presented in Figure 8.50
and compared with published data for Bi-2212 crystals, Bi-2212 films, Bi-2212 wires
and Bi-2223 tapes, derived in the same way. The data used in the above figure, Bi-2212
wire (1) and Bi-2212 wire (2), was obtained for two Bi-2212/Ag wires with different
critical current densities at 4.2K, in self field: for wire (1), Jc~ 13500 A/cm2; for wire (2),
Jc~6000 A/cm2. In this Figure only the data for B applied parallel to the c axes is
presented. When B was applied perpendicular to the c axes, the behaviour of Uo on B
was found to be the same, but quantitatively approximately four times larger due to a
different vortex structure and a different flux pinning mechanism [ , ].
For the case of B parallel to the c axes, the crystals exhibit the lowest pinning
potential, due probably to a lower number of defects per unit volume, compared to other
forms of BSCCO materials. Bi-2223 tapes have the highest pinning potential, which
originates not only in the difference of the transition temperature (106K for Bi-2223
tapes versus 88K for Bi-2212 tapes), but also in a higher anisotropy of the crystallites
inside Bi-2212 tapes as compared to Bi-2223 tapes.
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Figure 8.48: Arrhenius plot of the resistance dependence on temperature in
applied magnetic field

It is interesting to note that from the pinning potential perspective, Bi-2212 tapes
processed by DAHT behave in a similar way to Bi-2212 thin films despite a difference
in Jc between them of approximately one order of magnitude at 77K in self-field, in
favour of films. Also Bi-2212 tapes processed in this way, behave better than Bi-2212
wires which have a Jc~300 A/cm2 at 77K in zero field, representing again a value
approximately one order of magnitude smaller than the Jc of tapes processed by DAHT.
The pinning potential Uo is sensitive to the angle between the applied field and the c
axes. Figure 8.51 presents the variation of U0 with the angle 6 between the direction of
vector B and vector n, which represents the normal to the broad face of the tape. The
high degree of alignment present in the Bi-2212 tapes processed by DAHT, allows the
assumption that the tape normal coincides with the c crystallographic axes. This type of
angular dependence is expected due to the contribution of B to U0.
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Figure 8.49: The log-log dependence of pinning potential on the applied field B 11c.
The continuous line is a least square fit to the data points

10

B paralel c
7-T]------------- 1-------

.................i

1-TTT------

•

-

;

■

■

■
■

*
r *

■

* *

X

2 2 1 2 ta p e

I

_

■

2 2 2 3 ta p e

•

2 2 1 2 film

-

▲

2 2 1 2 w ir e l

-

▼

2 2 1 2 w ire 2

+

2 2 1 2 crystal

■

-

*
•

■<T
O

■

I
▲

•

▼

■

*

i▼ %

X

if

0.1

+

r

*
▲

+

+

.

-

T
+

■

▲
▼

T

* +
▼

.
■
•

.. i
0.01

.

• . . . . . . i

.. i

.

1

0.1

..........................
10

B CO

Figure 8.50: The dependence of pinning potential on the applied field for a Bi2212/Ag tape processed by DAHT (^); a Bi-2223/Ag tape (■) [34]; a
Bi-2212 film ( • ) [35]; Bi-2212/Ag wires (A,Y) [36]; and a Bi-2212
crystal (+) [37]

256

■ B=0.02T
□ B=0.3T

'b

Ua=8973K

x

\

if 1

U0=31683K.

Un=5938K
U0=2159K

0i

60

20

80

100

e (deg)

Figure 8.51: The pinning potential dependence on the angle between the applied
field direction and the normal to the tape processed by DAHT

8.10.

Magnetisation Measurements on Bi-2212/Ag Tapes Produced by DAHT

Magnetisation measurement were performed on Bi-2212/Ag tapes processed by
DAHT. This consisted of ac susceptibility in a bias dc field, within a temperature range
of 5-110 K, and magnetic moment at different temperatures up to a maximum bias dc
field of 9T. In all magnetic measurements, the bias dc field was applied perpendicular to
the broad plane of the tape or approximately parallel to the c crystallographic axes.
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8.10.1. Critical Current Density and Weak Links

The critical current density of Bi-2212/Ag tapes at a particular temperature was
deduced from the measurements of magnetic moment using the Critical State Model.
The contribution from the demagnetising factor was not taken into account, but the
shape and the size of the different samples used in the measurement were maintained
approximately the same.
Figure 8.52 presents the dependence of magnetic moment on the applied field, at 5,
8, and 10K, for a Bi-2212/Ag tape. The silver sheath of the sample was removed by
dissolving it in a mercury alloy bath as described previously. The temperature range of
measurements was 4.5-77K in a measurement field range of -5 to +5T.
The dependence of magnetic critical current density on the applied field and at a
.....................................................
20AM
fixed temperature was calculated based on the critical state formula: JcM =
—

(see Section 5.8.2), where JcM is in [A/cm2], AM is the width of the magnetisation
hysteresis loop at a particular field, and temperature in [emu/cm3], (a) is the width, and
(b) is the sample length in [cm]. This dependence in applied fields lower than IT, is
presented in Figure 8.53.
The magnetic Jc dependence on the applied field and temperature presented Figure
8 54 is qualitatively similar with the variation of magnetic Jc in Bi-2212 thin films [ ],
but is different from the Jc variation in Bi-2212 crystals (see Figure 7.23). The
difference consists in the effect which the applied field has on Jc. At low temperature,
and low fields, the decrease of Jc is smaller in crystals than in tapes and thin films,
which suggests a lower level of weak links [ ] present in crystals as compared to the
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tapes. At high fields, the decrease of Jc is faster in crystals than in tapes, which suggests
a lower level of pinning in crystals as compared to the tapes.
The same conclusion can be drawn if one is considering the variation of magnetic
(J cm)

with temperature, Figure 8.54. In particular, above 15-20K, the decrease is very

pronounced in crystals as compared to the tapes, which is caused by an almost absence
of active pinning centers in crystals above this temperature. This comparison leads to
the conclusion that both the weak links and the pinning centres are important in
obtaining a high Jc in tapes and in maintaining it at elevated fields.
In Figure 8.54 (b), the JcM vs. T data for B=0 was fitted to a power law, Jc°c(lT/Tc)1-344 with TC=90.6K. The fit was good over the entire range of temperature, the
residue of the least square procedure being R=0.9976, and the standard deviation SD=
±0.004. This type of dependency can be interpreted as a result of the dominant effect of
flux creep [40], and is different from the dependency which takes place when Jc is
limited by weak links [41].
In comparison with other Bi-2212/Ag tapes processed by melt-solidification in air
[42], or Bi-2223/Ag tapes processed by partial melt-solidification in air [43], the Bi2212/Ag tapes processed by the DAHT display a smaller drop in Jc at low fields, due to
a smaller number of weak links. The reason for this improved behaviour could be the
contribution of several factors. The secondary phases present are small (mostly 14:24
phase is present), and the grain growth is not disrupted on a large scale, as is the case
when large agglomerations of secondary phases (usually 1:1 phase) are present in Bi2212/Ag tapes processed in air. As a result, the grain alignment in DAHT tapes is
improved, and the c axes grain boundaries along the current path are cleaner, as
observed by TEM Section 8.8.
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Q15

—■—5K

Figure 8.52: Magnetic moment versus applied field for a Bi-2212/Ag tape
processed by DAHT, for which the silver sheath was dissolved

B (T)

Figure 8.53: The magnetic (JcM) dependence on applied field, with the field
direction perpendicular (open symbols) and parallel (closed
symbols) to the c axes, in a B-2212/Ag tape processed by DAHT, for
which the silver sheath was removed
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(a)

(b)
Figure 8.54: The magnetic Jcm dependence on temperature: (a) in self field (■ ) and
in a dc field B=0.1T, parallel to ( • ) ; (b) the least square fit to the
JcMvs. T data in self field
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However, the fact that Jc in Bi-2212 thin films is an order of magnitude higher
than the Jc in Bi-2212 tapes processed by DAHT, suggests that there is room for
increasing its value by further refinement of fabrication procedure.
The Jc-B-T surface is important from the application point-of-view. It provides easy
access to information about the different J-B-T regimes under which Bi-2212/Ag tapes
may need to function within various applications. Based on the previous measurements
of Jc dependence on B and T, the critical surface of Bi-2212/Ag tapes processed by
DAHT was constructed and shown in Figure 8.55.
The data was ploted in the temperature range 4.2-77K and field range 0-7T. The
critical surface separating the critical regime from the dissipative regime was defined
with the electric field criterion Ec=ljLtV/cm. All the points above the surface correspond
to a J-B-T regime for which the dissipation generates an electric field E>EC. From
Figure 8.56, the critical surface drops sharply above approximately 15K and IT. In the
low field-high temperature domain, and in the low temperature-high field domain, the
drop is much less pronounced. Due to this behaviour, the application of these
conductors will be probably limited to low temperatures.
The pinning force, FP=JCB, in Bi-2212/Ag tapes processed by DAHT was derived
based on the previous calculations of magnetic Jc. The results are presented in Figure
8.56, where the high anisotropy of the Bi-2212 phase is reflected once again in the
difference of Fp values obtained with the applied field B parallel or perpendicular to the
c axes.
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Figure 8.55: The 3D plot of the J cM-B-T critical surface for a Bi-2213/Ag tape
processed by DAHT
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8.10.2. Intragranular and Intergranular Critical Current Density

The magnetic behaviour of a polycrystalline tape is strongly dependent on the quality
of the grain boundaries. In such a structure, there are two critical currents: Jcj
(intergranular) which is also referred to as Jc, and JCG (intragranular). Assuming a
sample with a slab-like shape (which is very closed to the real shape of a monofilament
tape sample, formed by many grains oriented with the c axes perpendicular to the broad
face of the slab), for an external field applied parallel to the normal of the slab, JCG flows
inside each individual grain in the (a,b) plane, whilst JCJ flows along the entire sample,
passing from grain to grain. The magnitude of the critical current density in these
compositess is strongly influenced by the weak links at the grain boundaries.
Previous research on Bi-2223/tapes [u ] comparing the magnetic Jc , and the powder
extracted from those tapes, concluded that JCG is several times higher than Jcj, and
therefore the limiting factor for Jcj is the value of JCG. Due to this, in order to better
assess the quality of Bi-2212/Ag tapes processed by DAHT values of Jc and Jc were
derived as above.
Considering the shape of the tape sample and the direction of the applied field, the
total magnetic moment can be written [45] as: m = my + ^ m fG , where mJ is the
i
magnetic moment originating from the intergranular current, which is related to the
Josephson currents formed at the grain boundaries; miG is the magnetic moment
originating from the intragranular current inside grain “i”, determined by Jc of the grain
and related to the pinning inside that particular grain. The analytical expressions for the
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magnetic moment in a homogenous type II superconductor were derived recently [46,47].
For the virgin magnetic moment:
ml = - m 2LHc tanh(#fl / H c) ,
where Hc - J cj d / n , a is the half width, L is the length and d is the thickness of the slab
shaped sample. The remnant intergranular moment is [48 ]:
mR
J = -7ta2LHc[t<mh(Hm / tf c) - 2tanh(tfm/ Hc)
where Hm is the maximum applied field of Ha. In the case when Hm» H c,
= da 2 LJ j
T

T

In the above expression it is assumed that Jcj is independent of the local magnetic field.
This is reasonable due to the fact that JCJ(H) varies little over the field interval up to Hc
and in BSCCO the value of Hc is not very high as compared for example with YB CO123.
The same authors cited above, proposed a way to calculate the intra-granular
magnetic moment EmiG. This was carried out in either a weak applied field, or in zero
applied field, after a large field Hmhas been applied:
(

\
.■

f,

1—n

j Meissner

2aLdHa ,

\
= —alARGJç ,
;

J

CO)

where fs is the volume fraction of the superconducting grains, n is the effective
demagnetising factor of the grains and Rg is the average radius of the grains in the (a,b)
plane.
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The total magnetic moment m, was measured at 5, 20, and 50K for a Bi-2212/Ag
monofilamentary tape processed by DAHT. The measurements were carried out using a
Quantum Design SQUID, with a scan length of 5cm and the applied field was parallel to
the c axes. In order to distinguish between the magnetic moment mJ and mG = XmiG, the
measurement was earned out on an intact sample and on the same sample after severe
damage vas inflicted by repeated bending and straightening of the tape. The results are
presented in Figure 8.57.
The total remnant magnetic moment

iur ,

was measured for a Bi-2212/Ag

monofilamentary sample, processed by DAHT, at 5, 20 and 50K, Figure 8.58, using the
same instrument and the same direction of the applied field. In

this Figure iur1

represents the total remnant magnetic moment measured on the intact sample and mR
represents the remnant magnetic moment measured after bending the sample. The
continuous line represents the calculation of the remnant intergranular magnetic moment
mRJ, based on the equation given above.
A characteristic of the mR1curve presented Figure 8.58 is the saturation at higher end
of the applied field range. The saturation value for this tapes was B=poHa=160mT. For
comparison, the saturation value of mR1in (Bi,Pb)-2223 measured in the same way was
B=320mT.
Another feature of the mR1curve presented Figure 8.58 was a small shoulder present
on the curve. The shoulder occurs at the same value of mR at which the calculated mR
levels off. From this Figure the total remnant magnetic moment is formed by the
J
g
contribution of both mR , and mR .
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Figure 8.57: The m-H loops measured for a Bi-2212/Ag tape processed by DAHT.
The square symbols represent the intact sample and the round
symbols represent the same sample after repeated bending

Figure 8.58: Remnant magnetisation of a Bi-2212/Ag tape processed by DAHT,
measured at 5K. The calculation of uirJ was performed with the
equation given in the text
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With the values of iiirJ and rriRG, the dependence of the critical currents JCJ and JCG
was calculated using the equations given in the text. In these calculations, besides the
sample dimensions, an average grain size radius Rc=10jim was taken into account when
Jc was derived. The results are presented in Figure 8.59 (a) and (b), where it can be
seen the significant contribution of the JCG to the total Jc. At 5K, JcG=3.2xl06A/cm2,
whilst JcJ=5xl04A/cm2. At this temperature, the slow decrease of both JCG, and JCJ,
confirms the results obtained earlier, in that the number of weak links in these tapes is
smaller than in Bi-2223 tapes obtained so far. The rate of change of JCG and JCJ with
field, 5JcG/3(jioHa) and 9JcJ/3(poHa) is similar at 5K, but as the temperature is increased,
JCGdrops faster than Jcj. This is probably due to the fact that JCGis controlled by pinning
inside the grains, which is very sensitive to the temperature. From this analyses it can be
concluded that in Bi-2212/Ag tapes processed by DAHT, the limiting factor for the
critical current is not the pinning, but the weak links and further efforts to increase the
value of Jc should aim at improving the weak link behaviour.

8.10.3. AC Susceptibility

Ac susceptibility was measured on Bi-2212/Ag tapes processed by DAHT, as
described previously. The measurement was carried out on a monofilamentary tape in
two different configurations: (1) on the ceramic core of the tape, after the silver was
removed by dissolving it in Hg alloy, and (2) on the intact tape. The dc field was applied
parallel of the normal to the tape, approximately parallel to the c axes, in the range 0-9T.
The results are presented in Figure 8.60 (a) and (b).
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(a)

(b)
Figure 8.59: The dependence of the calculated inter-granular critical current J cj
(a) and intra-granular J CG (b), on the applied magnetic field, for a Bi2212/Ag tape processed by DAHT
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F igure 8.60: The out-of-phase (a) and the in-phase (b) response of the fundamental
ac susceptibility for a Bi-2212/Ag tape processed by DAHT
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Compared to a similar measurement carried out on Bi-2212 crystals, an additional
peak is present in the %” response signal in the case of Bi-2212/Ag tape. This is due to
the ac loss which takes place when the intergranular supercurrent begins to circulate
across the entire sample.
In Figure 8.60, a third loss peak was noticed at low temperature. In order to elucidate
the nature of this peak, the ac susceptibility measurement was repeated on the same tape
sample, after the silver sheath was removed. Finally, the ac susceptibility was measured
on a pure silver strip having approximately the same volume and shape as the silver
sheath removed from the tape sample. The result of the fundamental out-of-phase signal
response in zero dc bias field is presented in Figure 8.61.

Figure 8.61: The out-of-phase response of the fundamental ac susceptibility in zero
bias dc field, for the ceramic core of a monofilament Bi-2212/Ag tape
processed by DAHT, after the silver sheath was removed (■). The
same signal for a strip of silver, having the same volume as the
metallic p art of the tape, which was removed from the core (□ )
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Figure 8.61 shows that the third peak formed on the %” component of ac
susceptibility of the composite tape is the result of the increase of magnetoresistance of
silver with decreasing temperature.

8.10.4. On the Irreversibility Field

The irreversibility field represents a surface in the magnetic phase diagram of
HTSCs. All points situated below this surface represent states of magnetic irreversibility
in the behaviour of these materials, and all points situated above this surface represent
states of reversible magnetic behaviour. It hsa been claimed [49] that crossing this
surface represents a phase transition due to a change in the characteristics of the flux
lattice, - and the stiffness of the FL in particular.
The construction of the irreversibility surface, (or of the projection of this surface on
(H,T) plane, for example the irreversibility line) is usually done using magnetic
hysteresis measurements, as described previously in Section 7.12. However, a similar
shape of dependence can also be obtained from the ac susceptibility, measured in a bias
dc field, by monitoring the evolution of the temperature of the fundamental out-of-phase
peak. By comparing the results obtained from magnetic hysteresis measurements, some
researchers [50,51] have identified the ac susceptibility result with the irreversibility line.
On the other hand, it was found [52,53] that the position of the dissipation peak line in the
(H,T) plane depends strongly on the frequency and amplitude of the driving ac field,
which rules out this line as a phase boundary. However, at low frequency and small
amplitude, the position of these lines can be correlated with the pinning energy. For this
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reason, the relative position of the dissipation peak lines for different superconducting
materials may provide a way to compare their pinning strength.
This dissipation line was obtained for Bi-2212/Ag tapes processed by DAHT, Bi2212 crystals grown as described in section 4.2.1, Bi-2223/Ag tapes processed by a
partial melting process and Y-123 melt textured samples. The dissipation line was
derived from the shift of the peak of fundamental out-of-phase response of ac
susceptibility, measured in a dc bias field of up to 9T, applied parallel to the c axes. The
frequency of the driving ac field was 117Hz and its amplitude 0.1 Oe. The measurement
was carried out on samples prepared from all the above mentioned materials in such a
way as to obtain similar shapes and similar volumes of the superconducting phases. The
results of this comparison are presented in Figure 8.62.

Figure 8.62: The dissipation line derived from the evolution of the peak of
fundamental
response, for Bi-2212/Ag tape, Bi-2223/Ag tape, Bi2212 crystal and Y-123 melt textured sample
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In Figure 8.62, Tp is the temperature of the dissipation %” peak and Tc is the
superconducting transition temperature. Due to the different measured Tc values of the
measured superconductors, the temperature of the dissipation peak was normalised to
the Tc of each sample.
The result shows that the Bi-2212/Ag tapes processed by DAHT and Bi-2223/Ag
tapes behave in a similar way from the flux pinning point of view.

8.11.
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9. Summary and Conclusions

The main effort within the scientific community regarding high temperature
superconducting wire applications is focused on the two main superconducting phases
of the BSCCO system, Bi-2212 and Bi-2223.
The main objective of this study was to find a procedure to produce silver-clad Bi2212 conductors suitable for high magnetic field applications. In order to achieve this
main goal, a number of secondary objectives were proposed, which led to a better
understanding of the wide range of physical properties of Bi-2212. These secondary
objectives were to produce high quality Bi-2212 single crystals suitable for physical
measurements, and to use these crystals in order to confirm or enhance the
information regarding the fundamental parameters of Bi-2212 phase, such as:
hardness, limits of the homogenous crystallisation, critical current density, critical
fields, coherence length, penetration depth and the hole concentration. Also, a number
of dependencies were studied such as: the influence of stoichiometry on critical
temperature, the incorporation and release of structural oxygen as a function of
temperature and the dependence of pinning on temperature.
A systematic study of Bi-2212 superconducting phase has shown that within the
large homogenous crystallisation volume of this phase, the maximum superconducting
transition temperature is a function not only of the oxygen content but also of
composition. A maximum Tc of 96.4 K was obtained for a non-stoichiometric
composition, without Pb doping. It was confirmed that the stoichiometric point lays
inside the homogenous crystallisation volume, but very close to its surface. This
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information was critical in selecting an appropriate crystallisation path for single
crystal growth.
In order to measure or derive some of the physical properties of the Bi-2212 phase,
a number of experiments have been performed on Bi-2212 single crystals of
stoichiometric composition grown by the Bridgman method, and having a Tc of
91.3K.
The hardness measurements were carried out using a technique which allows the
detection of micro-cracks and therefore the results are most reliable. A large
anisotropy in hardness has been measured for the first time on such a high quality Bi2212 crystal. With the probe force perpendicular to the (a,b) plane the hardness was
3.78GPa, and with the probe force parallel to the (a,b) plane the hardness was
0.78GPa.
Annealing experiments conducted in oxygen and nitrogen on Bi-2212 single
crystals confirmed that the mechanism of oxygen penetration into this phase takes
place via the interstitial oxygen atom (04), accommodated into the orthorombic unit
cell on the 16n crystallographic position. Also, the formal valence of copper atoms
was determined to be Cu+(2+0-33) and the number of holes per copper ion was p=0.33.
The variation of oxygen content of Bi-2212 crystals by annealing in nitrogen leads
to a decrease of the superconducting transition temperature. However, the oxygen
vacancies created can increase the flux pinning, and a method to create oxygen
vacancies was developed. A shift in the position of irreversibility line towards higher
temperatures has been observed for such crystals with oxygen vacancies, proving an
enhancement of flux pinning, although the mechanism of this enhancement is still
controversial.
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The lower critical field, (Hci) has been determined to be low, approximately
350Oe, but higher than the data presented in the literature (see section 7).
Thermodynamic critical field, (Hc) at OK was between 0.22xl040e and 0.27xl040e,
and the upper critical field, (Hc2) at OK can be as high as 69x1040e. The value of Hc2
obtained in this study was lower than the data available in the literature.
The value of the Ginzburg-Landau parameter along the c crystallographic axes, (kc)
between 85K and 90K is about 111, close to the value indicated in the literature.
The coherence length at OK along the c axis, (^c) was approximately 21A and the
London penetration depth at OK in the (a,b) plane, (Xab) was approximately 3030A.
Both these values are similar to the published data.
Based on the information obtained during characterisation of Bi-2212 single
crystals, in particular the oxygen-nitrogen annealing experiments, a new method to
produce Bi-2212/Ag superconducting tapes has been proposed. This method, for the
first time, combines in a unified process the advantages of Bi-2212 phase formation in
an oxygen atmosphere, with the advantages of annealing in a nitrogen atmosphere
which provides pinning enhancement. It consists of a pre-melting stage, a melting and
grain-growth stage and an annealing stage, and is called “Dual Atmosphere Heat
Treatment” (DAHT).
Blister formation in Bi-2212/Ag tapes was addressed, and a method to eliminate it
was included in the DAHT as a vacuum heat treatment step.
The cause of intergrown Bi-2212 grains, which can severely disrupt the current
path, was addressed. It was shown that the main cause of intergrowth in Bi-2212/Ag
(and Bi-2223/Ag) superconducting tapes is micro-cracks of the silver matrix, and not
the intrinsic tendency of the mis-aligned grains to grow into the silver.
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High resolution TEM performed on Bi-2212 tapes processed by DATH revealed
the existence of stacking faults of half unit cell, c/2 layer of 2201 and c/2 layer of
2223. The formation mechanism of these stacking faults is associated with the shape
of the interface between the silver and ceramic core. Also, the predominant type of
grain boundary in DAHT tapes is the 90° twist boundary.
The size of the c axis grain boundaries is close to the dimension of the coherence
length along this axis, (^) and therefore a possible cause of weak links.
SEM analyses performed on the surface of the ceramic core of a Bi-2212/Ag tape
processed by DAHT showed a highly textured material, with large grains grown in a
90° intertwined pattern. The c-axes mis-orientation relative to the tape normal is in the
range of 6-8°.
Electric-(transport) and magnetic-(DC and AC) measurements revealed the
advantages of using the DAHT in processing Bi-2212/Ag tapes. At 5K in self field, a
critical current density (Jc magnetic) of up to 2.5xl05 A/cm2 was determined on short
Bi-2212/Ag tapes processed by DAHT.
The pinning energy calculation for DAHT tapes showed that their behaviour in dc
magnetic fields is similar to the behaviour of Bi-2212 thin films, but with a smaller
critical current density Jc.
The analyses of intra- and inter-grain critical current densities in DAHT tapes
revealed that the limiting factor for improvement of the total Jc is not the pinning, but
the weak links present in these materials, and further efforts to increase Jc should aim
at improving the weak link behaviour.
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